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INTRODUCnoN 


The properties imparted to a body by its rapid rotation (to which it has been | 

. 6 _; 

jcustomary to apply the term gyroscopic properties since the time of Foucault, who 

leJ . i 

—constructed an instrument that he called a gyroscope) are becoming ever more widely * 

!0_; i 

used today in various fields of technology. In this book, the properties of the 

?2_j 

— ^gyroscope will be explained in a manner within the reach of all, and on the basis of | 

— ‘this explanation a brief elementary theory of a few of the most important applica- , 
26 —\ ! 

— ^tions of the gyroscope will be presented. 

— A fundamental study of gyroscope theojry requires an acquaintance with higher 

30 I 

—mathematics and with theoretical mechanics (although only to the extent included in 
— the programs of the higher technical schools). Our scientific textbook literature 

-deludes excellent manuals, some of them giving a detailed exposition of gyro theory 

36 

^ — <I might mention the excellent book by the late Academician A. N. Krylov "Obshchaya 

^^-^eoriya giroskopov i nekotrykh tekhn. ikh primeneniy" (General Theory of the Gyro- 

^..-^cope and Some of Its Technical Applications) 2nd edition, 1936), In compiling the ; 

^^—jpresent booklet, however, the author set himself a different task: to provide brief | 

,~iLnformation on the properties of the gyroscope for readers unacquainted with either j 
46 — I i 

— iighcr mathematics or theoretical mechanics, but with a certain amount of experience 

5 Q~Ln production, desirteg to understand the mechanism of action of what are known as { 

^ 2 ^; gyroscopic instruments, in which the properties of a rapidly rotating gyro find ap- j 

plication. J : 

rg” The reading of the min text o/ book will occasion no 



- ^ r ' 
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Mfficulty for readers acquainted with the elementary mathematics and elementary 

^8 taught in the middle schools frbm which they graduated, while- the suppla»- | 
jjaentary material (in small print) may be useful reading for studente with more ex- 
„|benaive preparation (being familiar with tjrigonometry) . 

The author hopes that this book will be useful in the hands of mechanics work- 
ing in gyroscopic instrument building, and also of a wide group of readers interest- 
__ed in mechanical problems. Those wishing to go more deeply into the study of gyro- 
—scope theory will find more extensive material in the above-mentioned book by Krylov, | 
__ Section 20 of this book, ’’Stability of a Rotating Projectile" was gone over in * 
_nanuscript by Prof, L.G.Loytsinskiy, to vrtiom I ex jress deep gratitude for his valu- 
—able suggestions. I am likewise deeply grateful to V.K.CJol’tsman, who carefully read, 
—through the entire manuscript and made a number of valuable suggestions. 




Ye. Nikolai 
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PROPERTIES IMPARTED TO A RODY BY RAPID ROTATION 


Section 1. The Rapidly Spinning Top and its Utilization in Technolog 


^i/ho has rot played with a top as a child? So long as its young owner has not 
placed it in rapid rotation, the top lies lifeless and motionless. But no sooner is 

it placed in rapid rotation than 
^ d ^ it comes to life and acquires re- 

/ markable properties. Who has not . 

/ felt satisfaction in watching a 

/ ' / rapidly spinning top maintain its 

/ / equilibrium, balancing at the tip 

, ^ - of its spindle, and watching how 

it quietly continues to spin, pre- 
Fig.l cisely supported by some invisible 


The surprising stability imparted to a top by rapid rotation has long attracted . 
-the attention of inquiring minds. About 200 yeiirs ago an attempt was made in the 
British Navy to utilise this prop€irty of a rapidly spinning top to provide a stable j 
"^•artificial horizon” on shipboard, capable of replacing, in fog, the visible horizon 
"required by the mariner for his astronomical observations. Ihe shipwreck of the fri^- 
''•|rt¥""Vtxjtcrpy^^pon was being tested (the lnventor of the 
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ficial horizon”, Serson, was lost in this disaster) put an end to this attempt. 

During the next century no new attempts at a practical utilization of the spin- 
tiing top were made, i'- new impetus in this direction was given by the famous experi- 
ments of Foucault, reported to the Paris Acad«ny of Sciences in 1652. Among other 
- experiments, Foucault demonstrated the instrument constructed by him, called a "gyro- 
scope”, whose primary component consisted of a rapidly rotating rotor (top) and vdiict, 
for the first time, provided a direct laboratory demonstration of the diumal rota- | 
tion of the earth. The term "gyroscope'' (in literal translation, "instrument exhib- | 
iting rotation") has been maintained in the scientific world. Today this term is 
used, in the broadest sense, to denote any instrument in which the peculiar proper- 
ties of a body in rapid rotation are utilized; these properties are commonly called 
gyroscopic properties. 

In the same famous report of 1852, Foucault showed that it was possible (at least 
theoretically) to construct a gyroscopic instrument to determine the position of the 
meridian (North-South direction) at a given place. Thus was expressed, for the first 
time, the idea of a mechanical (nonmagnetic) compass, constructed on the principle of 
the gyroscope, and capable of completely replacing the magnetic compass. The prob- 
lem of replacing the magnetic compass by a mechanical one had become particularly ur- 
gent with the appearance of large masses of iron on board warships, and in connection 
-with the increasing complexity of the electric equipmeni. of these ships, which inter- 
fered with operation of the magnetic compass cn them. However, there were immense 
difficulties in the way of any realization of Foucault's idea; these were surmounted 
- only fifty years later, at the threshold of the present Century. The exceptional 
p progress in technology made it possible for highly developed gyro ccmpa.sses to aj>- 
at the beginning of the Twentieth Century, to attain general recognition, and 
. "‘widespread use in the navies of the whole world. 

^ 

Today gyroscopic instruments are gaining ever increasing importance in vari ous : 

I ^ _i 

c;f,“]Cields of technolo^. Military and r.aval technology is equipped vfith a large number; 
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•of instruments based on the gyroscope principle. The gyroscope has found particularj 
7jly widespread use in aviation. Confident :biind flying in the absence of visible 
’ ! landmarks, and prolonged distance flights for many hours, without landing, have be 
jcome possible, owing to the large number of gyroscopic aviation instruments with 


; which modem aircraft is equipped, I 

Who has not mused, in childhood years and perhaps even at a more mature age, on : 

\ 

the question of the cause of the surprising behavior of a rapidly spinning top? j 
What is the explanation of the remarkable phenomena observed during the rapid rota- 
tion of bodies, phenomena to which we give the collective term of gyroscopic phenome- 
na? In this book we will try to answer these questions, vie will also show how gyro- 
scopic phenomena have been utilized for various purposes in modem gyroscopic instru- 
ments and installations. 


Sect ion 2. The Gyroscope in Gardanic Suspension. Stability of the 
A xis of a Balanced Gyro Imparted to it by Rapid notation 
of the Gyro 


Before beginning our explanation, let us sc.y a few words on Lhe simplest gyro- 
scopic instrument, the gyroscope in a Gardanic suspension, which is the most impor- 
tant component of most of the existing gyroscopic devices. 

The rotor or top P is suspended in two rings A and B, constituting the Gardanic 
suspension (Fig. 2). The outer ring of the suspension A rotates freely about its 
vertical diameter ab, which is held in a fixed position. The inner ring B rotates 
about the horizontal diameter cd of the outer ring A, This inner ring bears the axis 
-of rotation of the rotor P, vdiich axis is perpendicular to the axis of rotation cd 




t>f the inner ring B. 'Ihus, this device comprises three axes of rotation which inter- 


“^ect each other at one point 0: 1) the axis of rotation ab of the outer ring of the 
^^■^uspension; 2) the axis of rotation cd of the inner ring; 3) the axis of rotation — 
r - «f of CTToscopo rotor. The rotation of the rotor ^roscope P about the axis ef 


60 


JL- 


STAT 
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-jia custoQiarily tenaed the proper rotation ^of the gyroocope (in distinction to the 
irotations of the outer and inner rings of i suspension). In accordance with this, let. 
.Jus tern the axis sf ’’the axis of proper rotation" or simply the "gj'TO axis". Ihe 
Jaxes ab and cd are termed the Cardanic axes. > 





Various organizations in the USSR manufacture small school models of the gyro- 
- ‘ scope in Cardanic suspension for school physical laboratories; their price is modest, 
1 ^'--Everyone interested in gyroscopic phenomena who wishes to familiarize himself more 
4 4>_^losely with them is advised to acquire a small model of the gyroscope in Cardanic 
•'•'’^uspension. Such a model will enable the thoughtful observer to make many interest- 
Lng experiments in which the essential nature and significance of these interesting 
phenomena vdll be disclosed. 

We assume that we have at our disposal a model gyroscope in an Cardanic .suspen- j 

' ! 

^ ~ Sion- ’ a iT d - s ta r t - ~a n experiiaen t-t o~ Interpret the rAencaaenon'^f stsblllty^-liapai^wd ~j 
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the axis of the balanced^ or free gyrosco-pe by the rapid rotation of its rotor. 
First of all let ua explain what we mean by the term "balanced" or. rree-gyro;- 
i scope. We shall term a gyroscope in a Cairdanic suspension a free gyroscope if the 







- common center of gravity of the moving parts of the instrument, the rotor and the 
two rings, coincides with the point of intersection 0 of the three axes of rotation 

- of the instrument; the axis of proper rotation ef and the tv^o Cardanic axes ab and 
cd (Fig.2)'*^*. Such a gyroscope maintains its equilibrium at any position of its ro- 
tor, and it is for this reason that it is termed free or, sometimes, astatic. This 

- ^ readily indicates that the equilibrium of the gyro in any of its positions must be 

- considered neutral-^^-’^Ht. ^nd a light tap on one of the girabal rings is sufficient to 


^ bring the instrument out of its assigned position, to which it will not return, buti 


^ Translator's note: In U.S, terminology, this would be a "free" gyro, 

^ Commercial models of gyroscopes in Cardanic suspension satisfy this condition 
withaifficient accuracy. 

Stable ,ini*aKLe end neuizal ffiiilibria are c^stinguisfaed. A ball on a concave spher- 
ical surface (Fig. 3a) is in stable equilibrium. Converselj--, its equilibrium 
on a convex spherical surface (Pig. 3b) is unstable. A sphere on a horizontal 
plane (Fig. 3c) is in neutral equililxrium. 
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, J executing a Tiore or leas marked deviutionj, will reo^in in some new equilibrium poai- 
,tion<^. llie Qnroacope has no stability at; all while its rotor is not in, rapid rota- 

i . J ^ 

tion. 

Ihe situation changes completely if we first impart a rapid natural rotation to 
the rotor of the gyroscope (by means of a thread or string wound around its axis)* 

We now give the gyroscope any arbitrary position and then tap one of the gimbal 

I ’ 

_ rings. It can be felt ijiimediately that, under the influence of the rapid rotation 
_..i of the rotor, the gyroscope has acquired the peculiar projoerty of energetically re- 
_ j sisting the action of forces tending to change the direction of its axis. Under the* 

3 J ; 

._J action of the applied shock, the axis of the gyroscope (we mean the axis of the ro- 

tor) does not markedly change its direction, and close observation will show only i 
-J slight and vei^^ rapid vibrations of the axis (which are termed nutational oscilla- i 
— ^^tions). This gives the impression that the rapid rotation of the rotor has impart- ‘ 
ed to the whole instrument some rigidity, a certain resistance to the action of the j 
— applied tap. We conclude that the rapid rotation of the rotor imparts a peculiar 
stability to the axis of a balanced gyroscope. 

To make this experimental result convincing, the rotor of the gyro must be given 
-^as rapid a rotation as possible'"**'^. 


* The insti’ument, set in motion by a push, finally stops under the action of the 
forces of friction that are unavoidable in any , If there 'were no 

~i friction in the instrument (and likewise no air resistance) then, if once set in 

-J motion by an impulse applied to one of the gimbal rings, the instrument would 

-I continue its motion for an indefinitely long period. 


“’lo” ^ purpose, a strong thread or string is wound around the axis of the 

pulling it first by its end, at a relatively slow speed and not very 
““ rapidly but increasing this speed gradually until the maximiim speed of idiicki 


the hand is capable is reached. 



i 
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J The faster this rotation, the more distinctly will the stability acquired by the 

J.^.P_Jixi3 .be manifested. , i - 

J It must be borne in mind that there is one position of the gyro in which it 
J looses its property of stability on rapid; rotation. Ihis is the [losition when the 


-axis of the 


ith the axis of rotation ab of the outer gimbal ring 


._j(Fig.2). This is why the designers of gyro instruments take measures to it im- 
possible for the axis of the rotor to coincide with the axis of rotation of the out- 
. . er ring of the Cardanic suspension. 

... . Section 3« Stability of Rapid Rectilinear >k)tion. Jets Issuing Under Hij^h I-ressurej . 
- ; — Ihe Law of Inertia. Newton » s i Second Law of Kotion . 

fVhat is the cause of this staoility, of this seeming rigidity which is acquired | 
.... by a gyroscope on rapid rotation of its rotor? In order to analyze this question, 

- let us begin with the simplest cases of all. 

From everyday experience, we know that the softest and most 'yielding bodies ac- ^ 
quire an apparent rigidity on rapid motion. A jet of water forced from a fire-hose i 
nozzle under high pressure is a very rigid body, which differs little in rigidity 

- from a metal bar. Such a jet can easily knock a man off his feet. The higher the 
velocity of the individual particles of water forming the jet, the greater the re- 

- sistance of the jet to all forces tending to change its direoLion, and the higher 

— th^ ®xert®d it an'''’ er.co’intcrcd ir. its path. 

A skater gliding rapidly over the ice is v^ell aware that, the faster his motion,; 
— ;the more difficult »dll it be for him to suddenly change the direction of that mo- ! 

—It ion. In the same way, the driver of a rapidly moving automobile knows that the , 

4 S — ! 

^^^~faster he is driving, the more difficult will it be to avoid aiyobstacle suddenly 
j.^“^?P®^ring in his way, aich as the form of an absent-mindsd pedestrian carelessly walking 
the middle of the road. 

^,“1 In all these cases we have to do vdth manifestations of the law of inertia. 






r' 
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This law, first discovered by Galileo, states that a moving body tends to maiMtain 
the direction of its motion and the magnitude of its velocity. 

The inertia of a moving body is the cause of the above-mentioned phenomena, in 
.jwhich the stability of the rectilinear motion of a body at high speed is expressed. 
To elucidate the influence of the rate of motion still more clearly in these phenom- 
ena, let us perform a brief calculation. 





Let the sphere K be rolling with a velocity v along the horizontal plane of a 
-table in the direction AB (Fig. 4)** Let us strike the sphere in a direction coincid- 
ing with the horizontal plane of the table and perpendicular to AB, The action of 

- the shock will be expressed in the action of the force F on the sphere M during the ‘ 

- negligibly short time interval t in the direction of the shock, which is perpendic- 
-ular to AB, What will be the effect of the action of this force? 

Lvery force applied to a moving Dody causes a change In its velocity. This 
-change in velocity is defined by Newton's Second Law of I'totion which reads: A chang^ 
— !in velocity u, caused by the force F acting during the period of a negligibly small ! 
—time interval % , has the direction of the force F, and its magnitude is proportionai 
—bo the force F and to the time of its action x , and is inversely proportional to I 

- the mass of the body m. This law is expressed by the formula 

~ - (u 


Qc ity Y ia shown by the arrow pointing in the. ciirection..pf..the.mtioi 
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On having acquired th» velocity u in the direction of F under the action of the 
-Ifopce F (i.e,, perpendicular to AB), our sphere will then continue to nsove with the 
-i velocity V, which we obtain by combining the velocities v and u. This combining of 
-.Velocities must be performed by the parallelogram rule (in the same way as the com- 
position of forces). Construct a parallelogram on the segments v and u (in this case 
- it will be a rectangle) and draw its diagonal V (Fig, 4). This velocity V is the j 
motion with which the sphere will continue. Obviously, as a result of the applied ; 
shock, the sphere will change the direction of its motion; it will now move in the 
direction MC, deviating from its original direction UB by the angle BMC. 

Let us now assume that the original velocity of our sphere was not v, but twice 
as large; let us denote it by vj^ = 2 v (Fig. 4). On repeating the same construction 
we find that now, under the action of the same shock of the impact force, the sphere, 
assuming the same additional velocity u, will deviate from its original direction by 
the smaller angle BMD (Fig. 4)5 in general, the higher the velocity possessed by the 
spiiere before the impact, the smaller will be the angle, other conditions being equal, 
by which it will deviate from its original direction after the impact. It is this 
that we have in rdnd when we say that the rectilinear motion of a body is more 
"stable", the higher its velocity*. 

The manifestations of stability of rapid rectilinear motion comprise all the 
facts described at the beginning of this Section. 


* 'fhe tem "stability of motion" has various meanings in science. In using this 
term, it is necessary to indicate precisely the sense in which it is to be appli- 
ed, .f'e fcmpiiasize once again that here, in speaking of the stability of a rapid 
rectilinear motion, we mean that the higher the velocity of the body, the small- 
er will be the angle by which the body will deviate from its oi'ginal direction 

under the action of a lateral impact of given intensity, and the less will the 

body obey, in this sense, the action of a Lateral impact. 
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- The law of inertia and Newton's Second Law of Motion give a complete explanation of 
J these phenomena. 

^ i 

Section 4* Inadequate Explanation of the Stability of a Rapidly Rotating Gyro. 

. J Degrees of Freedom of a Gyro. Loss of Stability by a Rapidly 

^ i Rotating Gyro with Less Degrees of Freedom. 

Let us now return to the question of the stability of a rapidly rotating gyro. ’ 

We have seen that the stability of rapid rectilinear motion finds its explana- 
tion in the law of inertia. At first glance, it would seem that the explanation of 
the stability of a rapidly rotating gyro my also be found in this same law, 

AS it is inherent in a body in rectilinear motion to maintain the direction of 
its motion, so it is inherent in the rotating rotor of a gyroscope to maintain the 
plane of its rotation (thereby making it an inherent property of the axis of the 
rotor to maintain its direction). The higher the speed of rectilinear motion, the 
more energetic is the resistance of the body to forces tending to vary the direction 
of its motion. Similarly, the more rapidly the rotor of a gyro rotates, the more 
energetically will it resist forces tending to vary the plane of its rotation or the 
direction of its axis. 

These are proved facts, and such an explanation appears entirely acceptible at 
first glance. However, the obvious inadequacy of this explanation must be emphasized 
at this point, for it does not cover the essence of the matter and leaves undisclosed 
. the most substantial and important features of the question with which we are con- 
cerned. 

^ The reader will be able to convince himself of the fact that this explanation is 

■ -j 

inadequate by making the following simple experiment: 

Let us take our model of the gyro in Cardanic suspension, and set the rotor of 

" t ^ rapid proper motion. Firmly hold the outer gimbal ring, preyenting it 

^>6 rotating about its axis, and at the same time tap the inner ring. Surprisingly^.: 
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we now find the Btability of our gyroscbpe has entirely disappeared. No matter j 

, I 

' how rapidly the rotor of the gyro is now stating, it will, be unable to resist _ 
J forces tending bo vary the direction of its axis, Just as though no rotation at all 
j had been imparted to it. 

What has changed by comparison with the condition of the experiments described 
in Section 2? Only the fact that, in the former case, the outer ring of the Cardan- 
' ic suspension was able to rotate freely about its axis while now we have fixed this 
ring and destroyed its free rotation. It is clear that destruction of the freedom ; 
of rotation of the outer gimbal ring completely deprives a rapidly rotating gyro of 

its stability, and completely’- deprives it of its ability to resist the action of 

forces tending to vary the direction of its axis. 

From the point of view of the considerations presented above, this fact (now 

discovered) of the loss of stability of the gyro when the outer gimbal ring is fix- 

ed remains entirely incomprehensible. Obviously, the above explanation of the sta- 
bility of a gyro does, in fact, evade the essence of the question, and must definitely 
be recognized as inadequate and unsatisfactory. 

We will return again to this explanation of the loss of stability of a gyroscope 
when the outer ring of the Cardanic suspension i? fixed. For the time being, how- 
ever, we content ourselves with the following remark; 

In the gyro described in Section 2, there are three axes of rotation, correspond- 
ing to the three possible rotations of the instrument; rotation of the outer ring, 
rotation of the inner ring, and prosper rotation of the gyro rotor itself. Accord- 
ingly, a gyroscofje with this arrangement is called a gyroscope with three degrees of 


^ - By fixing the outer ring of the suspension, we destroy one of the degrees of 

: freedom of the gyro, corresponding to the rotation of the outer ring about its a-xls. 
<'.4 this reason, a gyro with fixed outer ring is termed a gyroscope with two de- i 

r, of freedom. | 
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We may now formulate what has been esiablished In Section 2 and in the present 

-i : 

.LS^ction in the follovdng way? a avroBGoj)^ with three dt£reei of freedom has the 

H " ' 

i property of stability in rapid rotation; this property is entirely lost by a gyro- 
. I scope with two degrees of freedom*. j 

We also note that the experiments described in this Section will give a convinc— I 

— t ■ 

I ing result only if we actually deprive our gyro of one of its degrees of freedom, I 

I 

i.e., if we firmly hold the outer ring of the suspension and do not allow it to ro-I 
tate about its axis. • The slightest freedom of rotation left to the outer ring will 
result in certain stability - although a weakened one - of the axis of the gyro 


Section 5. Action of Forces Applied to the Axis o f a Rapidly Rotating Gyro. 

Let us now proceed to the explanation of the stability of a rapidly rotating 
gyro with three degrees of freedom, and of the instability of a gyro with two degrees 
of freedom. 

In Section 3, when explaining the stability of rapid rectilinear motion, we con- 
sidered the action of a transverse impact force on a body in rectilinear motion. *Ve 
shall proceed similarly here. Let us define the result of the action of lateral 
forces applied to the axis of a rapidly rotating gyro. The answer to this question 
. .will give a clue to the explanation of all gyroscopic phenomena. 



■* We remark that the gyro with three degrees of freedom may likewise be transformed 
into a gyro with two degrees of freedom by destroying the degree of freedom cor- 
responding to the rotation of the inner ring of the suspension about its own axis. 
- This may be done by rigidly attaching the inner ring at a right angle to the outer 

_ j ^nd leaving the outer ring free. It is obvious that, in this case, the gyro, 

' I 

-4 ! degrees of freedom, will lose its stability and rapid ro- 
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First we define the deviation of the axis of a rapidly rotating gyro from its 

position, under the action of given transverse forces applied to the gyro - 
axis. Of course^ this question may also be posed differently. One .might ask what 
transverse forces must be applied to the axis of a rapidly rotating gyro in order to" 
produce a gi/en deviation from its original direction. Ihis inverse foraulation of 

* the question Is more convenient for| 

Let us now consider it. | 

Assume that the rotor of the ! 

f \ gi'roscope ABCD is given a rapid pro- 

A I ^ \ ^ 

\l i ^ JiC . per rotation about its axis KL, 

y If \ - [ 

I ^ I ^✓'^1 I which we assume to be directed, 

’ 1 horizontally (Fig. 5; the gim- 

\ I / rings are not shown on this dia- 

if gram). The rotation of the rotor 

aUout' the axis KL is assumed to be 
directed as shown in t.hi diagram by 
tne curved arrow, i.e., we assume it 

to be directed clockwise, if viewed from the end L of the a::is. All joints of the 

circuniferenoe of the rotor have the same velocity Vj directed along the tangente to 

this circle. Figure 5 shows the velocities of the points a, B, C, D, lying at the 

enos of the horizontal and vertical diameters of the rotor. 

l/e now assume that we vary the direction of the axis of the rotor KL, by turning 

it through the srall angle in the horizontal jiane (fig.o)j the new position of the 

--axis KL will be denoted by KiL^. In this case, the pUne of the rotor ABCD is turn- , 

Fd through the same angle about the vertical line zz and takes the position A^BCj^D. 

-f. assume that the rotation of the axis of the rotor through the angle e takes place 

. -far ing t he cour se of the short time Inteiw/al c . The question is what forces must bel 
_J " ' j 

axis KL to the rotor to effect a rotation of this axi.8. i 
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j Let us try to ascertain hov/ the rotation of the rotor plane about the straight 

•i 

jJLine 22 through the angle will affect the velocities of the individual points on - 

j 

I the circ’jmference of the rotor. 

It is obvious that the velocities of the points A and C (which, after the rota- 
tion, will occupy the positions and C^) will preserve both magnitude and directioi^ 


I 








throughout this rotation (Fig. 6 ). The situatiou cL the points rJ and D will be differ- 
ent; here, while the magnitude of the velocity likewise remains unchanged, its direc- 
tion does vary. 

Let us take the point B, Before the rotation, its velocity v was directed along 
' :-^hc tangent to the circumference ABCD. After the roUtion, the velocity of the 
'' '^Int B, numerically equal to v (v^v^^ - v), is directed along the tangent to the cir- 
A-j^BCj^D; in the time x it will rotate through the angle a , together with i 

' ^-^hrnerrtire-plane of the ikjtor, ab^^ 


60 


i 
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Figure 7 shows tho direction of the velocities v and in projection onto the 
' plane AA^ CC , perpendicular to the line 

' Let U 3 construct a pirallelograia at point B in which the sequent is the diag- 
■ onal and the segment v is one of the 3ids$j the second sides of this j^arallelogram 
^will be termed (Figs. 6 and 7). It is easy to see that the transition from the 
velocity v of point B to its new velocity v^ is equivalent to the appearance, at 

this point, of a new component of 
velocity which, on combining 
^1 with the previous velocity v, 

^ gives the new velocity v^ of the 

j point B, In view of the smallness 

0\ ' \ 

j \ angle assumed by us, it | 

\ f nay be considered that the magni- 

” \ tude of the additional velocxty 

■ \ component is equal to v , i . 

\ e,, = V d-- the direction of ' 

A 

the velocity may be considered 
perpendicular to the plane ABCD 

Fig. 7 Dr parallel to the axis of the ro- 

tor KL. The velocity component that appears at the point D will be the same in mag- 
nitude but opposite in direction. 

However, this is not all. Let us return to the point B, It must be taken into 
consideration that during the time t the point B, participating in the rotation of ' 


■ * When the angle a is small, the second; side u^ of the parallelogram may be consid- 

I 

ered to be equal to the arc of a circumference of a radius v corresponding to the 
central angle a ; /the piy duct of the r adius and the 

c entral angle . Consequently, ^ ~ v a . — 


\ f ' \ \ 'A' 
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the rotor about its axis Kl-, travels the short path * v ^ along the circumfer- 
ence ABCD, and by the end of the interval of time will no longer be on the line - 
zz but at a distance PBi from this lire (Fig. 8); in this case, owing to the rota- 
tion of the rotor plane about the line zs, our point will also have acquired a new j 
velocity (denoted by U 2 ) perpendicular to the plane ABCD (i.e., jDarallel to the rotcr 
axis KL) and equal to the product of the distance PBi of the point B], from the line-: 

-zz and the angular velocity of rotation of] 
the rotor plane about the line zz. Since | 

2 

{ this angular velocity (denoted by wi) is 

I - ecual to the ratio of the angle of rotation 

b)L ^ 

/% \ to the time (i.e., y/-) - we con- 

//r\ \ C 


U 2 = PBl *^1 = ~ 



Thus, the above considerations indi- 
cate that, at the point E (or, more exactly, 
at the point of the circumference of the 
rotor which was located at B at the begin- 


ning of the time interval “^and at Bi at that time interval), there appears a sec- 
ond velocity component U2> equal and parallel to the velocity u^. On compounding 
the velocities ui ana U2, we conclude that the rotation of the rotor plane 
through the angle cjC is accompanied by the appearance at the point B of a corres- 
txsnding velocity u. directed parallel t-o the axis of the TX>tor Kl and equal to 


u “ ul + U2 “ vaC+ VoL" 2 Vot» 


A ve locity, eoual in magnituds but opposite in direction, also appears at p:^t D. 
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As for the remaining points of the circumference ABCD, similar arguments (whose 
details will not be given here) lead to the conclusion that, at the points of the 
' sesdcircumference ABC, there appear velocity components parallel to the rotor axis 
KL, which are numerically less than u and have the same direction as the velocity u 
at point B (Fig. 9). Velocities that are the same in magnitude but opposite in dir- 
ection appear at the points of the semi- ; 

i 

^ circumference ABC. | 

After having defined the mechanism of ; 

I ^ action of the rotation of the rotor plane 

\ on the velocities of its individual points, 

i we may now proceed to our r.Bin problem 

I n which is to define the forces that must be! 

7'! ' I applied to the rotor axis tc cause its 

■ ^ I ' 

— — -j — ^ plane to rotate through the angle cL> . 

^ I j Let us return to Nevrton’s Second Law 

Motion, We i:now that, if a moving body 

V I 

I of mass m acquires, during the time , a 

Z 

change in velocity u, then this change in 
Fig. 9 velocity is the result of fie action of a 

force Fj applied to the body and having the direction of the change in velocity u, 
being equal to 


I 


f V 


1 

H 

1 o'n- 

_n L 

■ 

A 

h 

U 

1 

■< 

1-7 



F = m -iL_ 

r 


-M 


(cf. eq, (1) in Section 3). 

. f ! Let us assume all the mass of the rotor to be concentrated on its circumference 

r , I ABCD, and let us divide this total mass into individual particles of mass m. Let urn 

'~'i" j 

r,G i®PP^ Nevfton's Second Law of Motion to the particle at point B. On rotation of th^: 
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^ rotor pli.ne through the angle d- during the time X » particle will acquire the! | 

■ \ "i 

I change in velocity u « 2 v , directed parallel to the rotor axis KL (Fig, 9), W'e j f 



must conclude that this particle, during the tine t , is subjected to the action of 
the force F, likewise directed parallel to the rotor axis KL (Fig. 10) and equal to 

F = m -11, = 2 rav -a— 

T T 

same force, but opposite in direction, is applied to the point E. To the 
remaining points of the circumference AliCD are applied forces less than F; and at 
" the points A and C these forces are equal to zero. 

All the forces applied to the point » of the semicircumference A3C are compouxided 
s^gl^ resultant R, directed in the same way as all these forces, i.e,, paral- 
i rotor axis KL on the side of the end L of this axis. Hie same resultant,; 
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ibut opposite in direction, is obtained by combining all component forces applied to \ 
‘the points of the semicircumference ADC. -] 

Tne two forces equal and p^irallel but directed toward opposite sides and ap-j 
plied at the points E and G, form what is termed a. couple of forces. The segment EGj 
is termed the arm of the couple, while the product R • EG is the moment of the coupl^. 
Let the moment of the couple so obtained be denoted by the letter K and let EG = d, ‘ 
Then, M - Rd. * 

Let us denote the angular velocity of the proper rotation of the rotor about the 
axis KL by the symbol w . A calculation, whose details will not be given here, 
leads to the following expression for the moment li of the couple of forces so obtain- 


if, as above, we denote 


i.e., if the symbol denotes the angular velocity of rotation about the axis zz. 

This moment M is called the gyroscopic moment. 

Here J is a constant factor depending on the mass, shape, and dimensions of the 
rotorj it is termed the moment of inertia of the rotor^. 

' Thus, the rotation of the rotor plane through the angle a about the line zz as« 
"I I 

■ ;sumes the existence of a couple of forces with a moment M. The forces R forming this 

Icouple are applied at the points E and G, and tend to rotate the plane of the rotor 


I * We will return in Section 13 to the derivaticai of eq. (2), 
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about the line AG (Fig. 10). Ihe effect of the action of this couple remains un- 
changed if we assume that the forces forming it air« applied not at the points £ and 
G, but at any points and on the rotor axis KL (Fig. 11). Ihe magnitude of the i 

forces of this couple and the i 
f magnitude of its arm EUG ■ d j 

may be taken arbitrarily; it is 

/h\ important only that the condition * 


= M = J V.- w j 


I be satisfied. 

I 

i. Let us finally sum up. We 

pose the question what forces must 
Fig. 11 be applied to the rotor axis KL, 

in order to rotate this axis in the horizontal plane through the angle o . We see 
now that, for this purpose, it is necessary to apply to the rotor axis the couple of 
vertical forces of moment 



This result cannot be otherwise than unexpected. To turn the axis of the rotor 
in a horizontal plane it is necessary to apply to this axis a couple of forces in a 
- vertical rather than in a horizontal direction. If the rotor were not rotating a- 
bout the axis KL, then, under the action of the vertical forces applied at the 

. , points and G^, it would of course rotate about the horizontal line AC. In the 
, ,"”'1 presence of the proper rotation of the rotor about the axis KL, the same forces pro-^ 

,^*~iduce a rotation of the rotor about the vertical line zz instead. i 

r/~i This fact is the key to the explanation of all the surprising properties of a j 


r' 
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rapidly rotating gyroscope, to be discussed below. 


Section 6. liie Rule of Preces 


Let us return again to the result obtained in the preceding Section » j 

'.v'e have seen that a couple of forces R^, applied to the axis of a rapidly rot at-] 
ing rotor KL, causes a rotation of that axis in the horizontal plane through the an-’ 
gle cL^ (Fig. 11), If the angular velocity* of the proper rotation of the rotor about ! 
the axis KL is equal to w , and if the applied couple of forces acts during the 

short time interval T*" , then 

.2 

{ the angle of rotation oL is 

1 ' 

H n\ determined by the equation 

m' 

*1 ^ / J u.’ = k 

I wh'^re J is the. moment of in- 

Vi^ . tm ■' ertia of the rotor and M is 

I 

I the moment of the applied cou- 

! "■ ^ pie; hence 


Let us now assume- that the rotor axis is subjected, not to a couple of forces 
but to the single transverse force S, which acts during the short time interval 
perpendicular to the axis KL (Fig, 12); the direction of the force S is assumed to be 
vertical. Vilhat will be the result of the action of the force S? 

The design of the instrument is such that the point 0 of the axis KL, the point 
" of intersection of the Cardanic axes, must remain fixed. Ihe fixing of this point 
"has the consequence that when the force S is applied at the point A of the axis KL 
j(Fig.l2), ^hen the forw of reaction 3 of this fixed point equal in magnitude to i 

"'i " ■■ ' — • 

: the force S but opposite in direction, appears at that point 0. Ihe forces S and 
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form a couple of forces, Thu5, v,e hc,ve a couple of forces applied to the axis KL, I 
with the distance a of the point of application A of the force S from the fixed ; 
point 0 being the arm of this couple and its moment being equal to M = Sa. [ 

The result of the action of this couple of forces is already knovm to us. It | 

will cause, during the time , the rotation of the rotor axis KL in the horizontal! 

plane through the angle o (as shown in Fig. 12). Hie value of the angle <i is de- 

terminGu by the foraula i 


J J >* 


This will be the result of the action of the force S applied to the point A. 

Thus, the result of the action of the force S applied to the axis of the rapidly 
rotating gyro is the rotation of this axis through the angle a in a plane perpen- 
dicular to the direction of the force S. This phenomenon is termed the precession 
of the gyroscope. Under the action of the force 3, the axis of the gyroscope is 
said to "depart" from its assigned direction, or to undergo "precession" in the plane 
perpendicular to the direction of the force S. 

-vlien the axis KL is rotated through the angle a , the point A, at which the 
force 3 is applied, is displaced to the position (Fig. 12). Let us denote by E 
this displacement or "departure" AA^ of the point A and let us mark the direction of 
this segment by a dotted arrow, Tne diagram (Fig. 12) indicates clearly that the di- 
rection of the displacement E is obtained if we rotate the direction of the force S 


- through 90° about the axis KL in the direction in which the rotor of the 

- rotating about this axis. 


gyroscope is 


To sum up all above statements, we arrived at the following conclusion, which we 
will term the rule of precession (or the law of precession) of the gyroscope: 

Under the action of the force S applied to the axis of a rapidly rotating gyro- 
scope in a direction perpendicular to this axis, the axis of the gyro undergoes 
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precession in a plane perpendicular to the direction of the force, j 

The direction of displacement of the point A at which the force S is applied is - 
found by rotating the direction of the fcrce S through 90° about the gyro axis in the| 
direction in which the gyro rotor is rotating about this axis. I 

The magnitude of the angle of deviation a of the gyro axis from its original ' 
direction is determined by the formula 


« ” Sa T 
J w 


where a is the distance of the point of applic-.tion of the force S from the fixed 
point Oj J is the moment of inertia of the rotor; w is the angular velocity of its 
proper motion; and t is. the time of action of the force 3, which tiaie is assumed to 


This law of precession gives the key to the explanation of all gyroscopic phe- 
nomena and to the construction of a theory of gyroscopic instruments. 

In our derivation we assumed the force 3 to be directed perpendicular to the ro- 
tor axis KL. .Ve assume now that the force 3 applied to the rotor axis K1 (which we 
assume, as before, to be horizontal), is directed in the vertical plane containing 
the axis KL, but not perpendicular to the axis KL (Fig. 13). It is not difficult to 
calculate the effect of the action of the force S. 

iiCt us resolve the force S by the parallelogram rule into the components 3^ and 
02» former directed perpendicular to the axis XL, and the latter along this axis. 
The force will give no effect since it is destroyed by the resistance of the fix- 
ed point 0. The effect on the action of the force 3^, however, is given by the rule 
, of precession, which we already know. Under the action of this force, the rotor ax- 
^ will undergo precession in the horizontal plane. In order to determine the 

^ precession, it is necessary to rotate the direction of the fcrce S 

- ' 

- ^ ^ibout the axis KL in the direction of rotation of the rotor. 


-i 
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In Fig. 13 it is assumed that the rotor is represented by the counterclockwise ar-j 

row if it is viewed from the end L of the axis KL: in the same sense, we rotate the J 

! 

line of action of the force 3^ through 90° about the axis KL. This deterniines the | 

direction of the horizontal dis- ! 



placement of the point A at tvhich | 
the force 3 is applied. The mg- ‘ 
nitude of the angle of rotation ' 
of the axis KL during the time of 
action of the force 3 is deter- 
mined by the formula 




J w 


Fig. 13 


where a = OA, and the symbols J, 
w , and have their previous 


meanings. 


S ection 7. Stability of a Rapidly Rotating Astatic Gyro v/ith 'fliree Degrees 

of Freedom 

Having sstablished the law of precession, we pass nov to the explanation of the 
stability or rigidity imparted to a gyre with three degrees of freedom by the rapid 
rotation of its rotor. 

Let us take a model of the astatic gyroscope in a Cardanic suspension with three 
degrees of freedom, place the gyro axis horizontally, and put the rotor into rapid 
proper motion about this axis. Then let us strike the outer ring at the point A, di- 
recting the tap vertically aownward. In this case, the impact will cause the ver- 
/ jtical force S to be applied to the gjTo axis at the point A (Fig.L*) and to act dur-; 

: A, ling the course of a negligibly small time interval (a negligible fraction of a 
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second) « 

the effect of the action of this force is known to us. During the time of the j 
iimpaot, the ^yro axis will be rotated in the horizontal plane through the angle . : 
we detenoine rotation by rotating the direction of the force S through 90° about the, 
;gyro axis in the sense of the proper rotation of its rotor; it is assumed in Fig.U j 
that the proper rotation of the rotor is clockwise if viewed from the end A of the 

-gyro axisj in this case, the rota-* 
^ hori- 

Xn. zontal plane through the angle 

///■\ \ * appears clockwise if the instru- 

"j “ jj ’ M nient is viewed from above. Ttie 

j ^ . 7 “ I '■hj— value of the angle cpC is determin- 

/ ^ I ed by the formula 


J w 


where J is the moment of inertia 
of the rotor, w the angular veloc- 
ity of the proper rotation of the gyro, and a the distance of the point A from the 
point of intersection of the Cardanic axes, i.e., the radius of the inner ring. 

After the time ^ of the impact has elapsed, the action of the force S is inter- 
rupted. We must conclude that the rotation of the rotor axis is interrupted simul- 
taneously. Indeed, the considerations in Sections 5 6 clearly show that the ro- 

tation of the rotor axis assumes the existence of a force or a couple, applied to 
this axis. Consequently, if there is no such force, there can also be no such rota- 
-“|bion of the rotor axis. This means that when the time of impact T has ended, the 
“irotation of the gyro axis will be instantaneously interrupted with the disappeara^e 
^of the force 3, and the gyro axis will remain in the new position in which it is lo-^ 
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X 



Gated at the instant of the temdnation of the iinpact. As for the angle a , it is ; 


clear from the formula 


a = Sax 

J w 


that, if the time x is negligibly small and if the angular velocity of the proper ; 
rotation of the rotor is high, the value of this angle will be very small. The more; 
rapidly the gyro rotor rotates, i.e., the greater the angle w , the greater will be, 
the denominator in this formula and, consequently, the smaller will be the angle a . 
In the case of a very rapid rotation of the gyro rotor, the angle a proves to be so 
small that the rotation of the gyro axis through this angle, on impact, escapes de- 
tection by the observer. In that case, the gyro will appear to be absolutely rigid 
and in no way responding to the action of the impact. Ihis is how we explain the 
stability or rigidity of a gyro with three degrees of freedom, whose rotor has been 
placed in rapid rotation. 

We recommend that the reader who has available a model of a gyro in Cardanic sus- 
pension repeat the experiment we have just described and center his attention on the 
insignificant rotation of the gyro axis in the plane perpendicular to the direction 
of the impact. 

Ue pass now to the case when the impact is inflicted not on the inner ring but on 
the outer ring of the Cardanic suspension. Let us strike the outer ring ext the point 
B in a horizontal direction, with a tap from tne left, nt the point 3, the lK,ri.on- 
' tal force S, directed leftward, will be applied and will act during the course of the 
Inegligibly small time of impact t (Fig.l5). Through the intermediate stage of the 
-inner ring, the action of the force S is transmitted to the gyro axis AC; this force 
I'nay be considered to have been applied to the gyro axis at the point A, directed per- 

--pendicularly to the axis AC in a horizontal plane, as shown in (Fig. 15). 

--i, Then, applying the rule of precession, we rotate the direction of the force S , 


\ i 
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applied to the gyroscope aras at the point A through an angle of 90° about this axisj 
in the sense of rotation of the gyro rotor (in Fig.i5, it is assumed that the rotor | 
is rotating clockwise if viewed from the A end of the gyro axis), ns will be seen | 

from Fig. 15, during the time 9^ , j 

i 

there is a rotation of the gyro axr 
~ ' is in the vertical plane through 


the angle cC ; the end A of this 


axis is somewhat raised and the 


end C somewhat lowered. The value 



of the angle oL is determined by 


the previous formula 


where the symbols J, w , ^nd 


Fig. 15 have their former meanings, 

after the lapse of the impact time , the gyro axis will remain in its new po- 


We advise the reader who has a model of a gyro in Cardanic suspension at his dis- 
position to perform a series of experiments, tapping the outer and inner rings of a 
rotating gyroscope in various directions and noting how the axis of the gyroscope 
reacts to these impacts. It is very instructive to observe how the rule of precess- 
ion is obeyed in all these cases. 


Section 8, Nutational Oscillations of the Gyro Axis 


In performing experiments with the model of a gyro with three degrees of freedom, 
~lt may be noted that, in addition to the rotation of the gyro axis in * plane per- 

~pendicular to the direction of the impact, which has already been mentioned in the I 

_ 

“preceding Section, there are also very rapid and minute vibrations of the gyro axis, ! 


I 
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; which appear after the impact and which gradually disappear thereafter. Ihese vibra-- 
; tions of the gjuro axis are termed nutational oscillations and have already been men- 
tioned in Section 2. 

We have said nothing of the nutational oscillations in the preceding Section. 

; They remained outside of our field of view in the theoretical picture of the gyro- | 
scope behavior that we draw in Section 7. This was because these oscillations are 
■likewise due to a manifestation of the inertia of those parts of the gyro that were • 
taken into consideration in the theoretical discussion given in Sections 5 and 6. 

From those considerations we deduced, in Section 7, that, at the end of the impact 
time T , the motion of the g^'ro axis would instantaneously cease on disappearance of 
the force acting during the time of impact. Such instantaneous cessation of motion 
would be contrary to the law of inertia and, in actuality, could not take place. 

The result of the inertia of the gyro parts is that, at the moment of completion of 
the time of impact , the gyro axis does not stop instantaneously, but begins in- 
stead to execute minute nutational oscillations which only gradually die out under 
the influence of friction on the axes of the gimbal rings. 

It follows from this that the analysis given in Sections 5 and 6 is not absolute- 
ly exact, i/e did not take into account certain manifestations, secondary in impor- 
tance, of the inertia of the gyro parts. It must be borne in mind that the inaccura- 
cy thus admitted is smaller, the more rapidly the gyro rotor rotates; for a very rap- 
^^7 rotating gyro, our analysis and the conclusions drawn from it may be considered 
rather accurate. 

In particular, the more rapidly the gyro rotor rotates, the smaller will be the 
^ -nutational oscillations of the gyro axis. For the rapidly rotating gyro with which 
, ,~we have to do in the technical applications of the gyroscope, the nutational oscil- 

vanishingly small and have no practical significance whatever. In all 

” 1 ^! ! 

'-A follovd ng discussions, these oscillations will not be further considered. f 

i ’ ~ ' " ' ■■■ - - I 

In S ection 2, it was mentioned that a gyro with three degrees of freedcmi looses i 
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its Btability in th« position when the gyto axis coincides with the axis of rotation 
; of the outer ring. Ibis fact as well represents a manifestation of the inertia of - 
Ithe rings of the Cardanic suspension, which has not been taken into account. 

1 Section 9. Instability of a Gyro vrith Two Deg rees of Freedom j 

Let us now turn to an explanation of the causa for the fact discovered by us that 
a gyro with two degrees of freedom is unstable, no matter how rapidly its rotor is 5 
rotating. 

Let us analyze the experiment described in Section 4. Let us place the gyro- 
scope axes AB (Fig. 16) horizontally, put the rotor into rapid rotation, and then, 
holding the outer ring at the points C and D, let us strike the inner ring a vertical 
blow at the point A. During the period of the negligibly short time of impact, the 
-vertical force S will act at the point A. \<3 assume it to be directed vertically 


We already know what the result of the action of the force S would be if the out- 
er ring could rotate freely about its vertical axis. The gyro axis Ab would rotate, 
during the time of impact, through a small angle in the horizontal plane (cf. Fig. 12). 

- In this case, the outer ring would rotate through the same angle about the vertical 
axis MN; the points C and D of this ring would be somewhat displaced in the horizon- 

- tal plane (the point C leftward, the point D rightward, if the gyro rotor were ro- 

tating as assumed in Fig. 16 and Fig. 12). However, the rotation of the outer ring is 

prevented by the hand of the experimenter, who firmly holds the outer ring at the 

- points C and D. In reality, the outer ring cannot rotate, but exerts on the hands of 
—the experimenter holding this ring, pressures acting on the points C and D, as has 

— ljust been stated. 

50-J 

— I However, action and reaction are equal. If the hand of the experimenter is sub- 

^^■~]jected to forces on the side of the outer ring held by this 

—ibtme, the forces 7 applied by the experii&enter's hand will act at the points Pi 

56 J -■ - ^ '”1 
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of the inner ring; these forces are the same in magnitude but opposite in direction j 

(Fig.L6), Ihe forces F, applied to the outer ring, are transmitted by means, of the | 

inner ring to the gyro axis. Thus, the horizontal forces F applied to the axis of 

the gyroscope arise at the points A and B. | 

Let US now apply the law of precession of these forces. By rotating the direc- I 
tions of the force F applied bo the points A and B, through an angle of 90° about the 




axis AB in the same sense as the rotation of the gyro rotor, ths action of the forces 
F will cause the gyro axis to acquire a rotation in a vertical plane, so that its 
end A is lowered and its end B is raised. 

Thus, as a result of the action of the horizontal forces F, a rotation of the 
' entire instrument about the horizontal axes CD is produced, a result of the in- 
ertia effects mentioned in Section 8, this rotation cannot cease instantly on cessa- 
tion of the time impact or on interruption of the force of impact 3. /it the same 
time, fixing the outer ring at the points C and D causes a prolonged action of the 
.^""horizontal force F which, on transmission at the points A and B to the gyro axis cn- 
,^"~j3ure its further prolonged rotation in the vertical plane about the axis CD. 

Thus, the result of the vertical impact applied to ths outer ring at the point A; 
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is a prolonged rotation of the instrument about the horizontal a'cis CD (which is 
then gradually damped under the influence of the friction on the axis CD). In this 
case, the rapidly rotating gyro behaves excictl/ as though its rotor had been given j 
no proper rotation whatever. The rapidly rotating gyro with two degrees of freedom | 
is entirely deprived of the power of resisting the action of forces tending to chang^ 
the direction of its axis. As is clear, the instability of a \;ith two degrees i 

of freedom is caused by the horizontal forces ? produced by fixing the outer ring, | 


Section 10. Precession of a Qyro Due to a Continuously Acting Force Applied to its ■ 

Axis 


50 — 


Until now, we have experimented with a model of the free or astatic gyroscope to 
which no other external forces were applied except Lmpact forces, acting for a negli- 
gibly short interval of time. Let us now pass to the study of the behavior of a gyro 
with three degrees of freedom to \/hose axis a continuously acting external force is 
applied. 

Using our model gyro in Cardanic suspension, the gyro axis AB is placed hori- 
zontally, and a rapid rotation about the axis AE is imparted to its rotor (Fig. 17). 

Of course, the axis «.B remains motionless. Ue now carefully suspend a small weight 
from the inner ring at the point A. The axis of the gyroscope AB immediately begins 
to '‘deviate”, precessing in a horizontal plane; the entire instrument instantly 
starts rotating about the 7crtical line zz. 

It is now no longer difficult to explain this phenomenon. The point A on the 
gyro axis is constantly subjected to the action of the force P directed vertically 
downward, and equal to the weight of the counterpoise. Let us apply the rule of 
iprecession. By rotating the force P about the axis AB through 90^ jn the sense of 
;rotation of the gyro rotor (in Fig, 17, it is ass’umed that the rotor is rotatir.g 
clockwise if viewed from the A end of the gyro axis). VJe see that, according to the! 


rule of precession, the axis begins to rotate in a horizontal plane (with its rota- 


H - 


J 
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tion about the line zz being clockwise, it viewed from above). During the negligibly 
1 time interval C , the axis AB rotates through the small angle - determined 
eq. (3) (cf. Section 6): \ 


where J is the moment of inertia of the rotor, w the angular velocity of its proper 
^motion, and a the distance of the Point A from the point of intersection of the 
Cardanic axis (i.e., the radius of the inner ring). 



? 8 





In the following and in all subsequent time intervals X > S3.me processes 
are repeated. As a result of the continuous action of the force P, a continuous ro- 
'tation of the entire instrument about the line zz is established. 

' Such a rotation of the gyro about the line zz is termed its precession, and the 

— i 

^^^“■fline zz is called the axis of precession. The direction of the precessional rota- 
.^“■'tion about the axis is shown in Fig. 17 by the curved arrow placed near the zz axis. 
j.^”~Let us denote the angular velocity of the precessional rotation about the zz axis 
r,“'the is equal to the ratio of the angle of rotation the corre- ; 
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spending time t ; bearing in mind sq. (3)> we obtain the result that 

' w = sLl- pa- ik) ^ 

I' J w 

This formula determines the angular velocity of precession w , 

It follows from eq. ( 4 ) that the higher the angular velocity of the proper rota-' 
tion of the rotor w j the smaller will be the angular velocity of precession : 

iAs a result of the unavoidable friction in the instrument, the angular velocity of ■ 
proper rotation w gradually decreases with the passage of time. Consequently, the 
angular velocity of precession w must gradually increase in time. We very 
strongly advise the reader who has a gyro model available to reproduce the experiment 
here described and to convince himself of the gradual increase in angular velocity of 
precession as the rate of proper rotation of the gyroscope decreases. 

As for the sense in which precession occurs, the reader will easily find by re- 
peating our reasoning, that a change of the direction of proper rotation of the rotor 
to the opposite sense, will result in a precession which will likewise be in the op- 
posite sense: If, in Fig. 17, the rotor is represented as rotating counterclockwise 
about the axis AB (if viewed from the A end of this axis), then the precessional ro- 
tation about the axis would likewise be counterclockwise (if viewed from above). It 
is instructive to perform this experiment a number of times, imparting to the rotor 
a proper rotation in different senses and observing the variatii r in the sense of 
- precession, as a fijinction of the sense of proper motion. 

In reproducing this experiment, the attentive observer will note that the pre- 
cessions of the gyro are accompanied by small and very rapid oscillations of the gyro 
axis. These are the nutational oscillations, with which we are already acquainted 
-jand which have been mentioned above in Section 8. The more rapidly the gyro rotor 
,,"irotates about its axis, the smaller will be these nutational oscillations of the 


c.^gyro axis. 


In school physics laboratories, gyro models made of a bicycle wheel with a builtf 
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up axle are frequently used. Let us impart to the wheel a sufficiently rapid rota- j 

tion and suspend the instrument from the cord AC, attached to some point A of the * 

I ' I 

AE axis of the gyro, giving its axis a horizontal direction (Fig. 18). It cannot butj 

surprise us that the gyro fails to descend zander the action of the force of gravity 5 

, P. Instead, its axis AB begins to nrecess in a horizontal plane, rotating about thej 

vertical line AC. 

W///////////////'. is the well-known phenom-j 

pi 

enon of precession which, in this i 


particular case, is due to the ac- 
tion of the force of gravity P on 
gyroscope, which here plays 

f /I • - the same role as the suspended 

■^*"***^'^ W/l counterpoise iri the preceding ex- 

y ‘ periment. 'Die sense of the preces- 

sion is determined, as always, by 
the rule of precession (in Fig. 18 
Fig. 18 the sense of the proper 2*otation 

of the gyro and the sense of precession are shown by arrows). The angular velocity 
of precession w ^ is found from eq. (4); 


-where a - A3j J is the moment of inertia of the wheel j and w is the angular veioc- 
-|ity of its proper rotation about AB axis. 

V/e remark again that, according to this formula, the angular velocity of preces- 
sol- smaller, the larger the proper angular velocity w becomes, and vice 
versa. It is very instructive, in performing the experiment with the bicycle wheel, 
54 o bserv er to note how the precessional rotation about the vertical AC gradu- | 

56 increases as the angular velocity of the proper rotation of the \Aeel decreases^ 

"i""' ' 1 
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If a gyro r^odel made out of a bicycle wheel is unavailable, the above experiment 
:may be reproduced with a toy model of the gyro, consisting of a top K whose axj.s ia. 
jfixed to the ring N (Fig.l9)« It is easy to find such toy gyros in shops. 

Section 11. Qyro with Three Degrees of Freedom on a Rotating Base. Ihe Foucault 

Gyro. Experimental Proof of the Earth’s Rotation. j 


We know that a rapidly rotating astatic gyro with three degrees of freedom pos- ^ 

sesses a high degree of stability} | 
its rapid rotation gives it the 

^l/I/lf////h power of energetically resisting 

the action of impacts tending to 
vary the direction of its axis. | 
This same property is possessed by: 
a gyro with three degrees of f ree- 
dom when placed on some rotating 


I I * I V Let us olace our model of the 

V \ {mL'I 

^ __ three degrees of 

freedom on the small platform L, 
Fig. 19 which may be rotated about the 

vertical axis MN (Fig. 20). Let us impart to the gyro rotor a rapid rotation about 
the axis AB and note the direction of this axis. We then begin to turn the stage L 
of the instrument. The rotation of the stage is in no way reflected in the direc- 
diion of the axis AD. The axis AB is not involved in the rotation of the base of the 


instrument; it stably preserves 


an invariant direction in space*. 


:-.”1 * For this experiment, a so-called centrifugal machine, available in most school 
si physic s l aboratories, may be used. If this is not available, the ^jase of the 
56 gyrosco pe may be simply rotated by hand. 
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Thus, the axis of a rapidly rotating astatic gyro with three degrees of freedom, 
placed on a rotating base, stably preserves its constant direction in space. A 
number of technical applications of the gyro, discussed in the following Chapter, 
are based on this property. 

It must be borne in mind that, in essence, all gyro with which we have to do i 
are placed on a rotating base since their common base is the rotating earth. The 

following conclusions must be j 
drawn from the above statements, i 
If it were ;x)ssible to construct 
a gyro of such ideal perfection as: 
to be completely free of the ac- 
tion of forces causing precession 
(i.e., a gyro ideally balanced and 
completely free from friction in 
the Cardanic axes), then the axis 
of such an ideal gyro, when in 
rapid rotation, would stably main- 
tain a constant direction in space. 

If we directed the axis of 
such a gyro toward any fixed star, 
and if the instrument were operating a long time, the axis of the gyro would follow 
the apparent diurnal motion of the star in the celestial vault (which is the conse- 
- quence and the manifestation of the diurnal rotation of the earth). By pointing the 
--gyro axis tov/ard the eastern part of the celestial vault (where the stars rise), we 
would see that the gyro axis would slowly rotate from east to west and would simul- 
jtaneously rise above the horizonj the gyro axis directed toward the western ^rt of 
jthe celestial vault (vrhere the stars set) would rotate from east to i/est, and would j 



[gradually sink toward the horizon. 


36 


d- - 
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In this ideal case, the gyro axis would thus be continuously displaced with re- 
' spect to terrestrial objects. Such an apparent displacement of the gyro axis, re- _ 

' fleeting the actual diurnal rotation of the earth, would be a illustrative proof of 
the rotation of the earth. This was the thought on which Foucault based his famous 
" ' experiment reported by him to the Paris Academy of Sciences in 1852. ! 

The difficulty of the experiment consisted in the construction of a gyroscope | 
approximating the ideal perfection described above. In the Foucault gyro, the outeij 

gimbal ring was suspended on a thin un-j 
'■ twisted fiber strand (Fig, 21) and rest- 

1 I B ed on a guide bearing; the inner ring 

■ I fl lay inside the outer ring, resting on 

aEflllii two bearings designed in the form of 

I two knife blades. All measures were 

taken to make the instrument completely 
f|c£i:0=34j|i| balanced, i.e., to have the center of 

gravity of the instrument coincide with' 
the point of the intersection of the 
Cardanic axes. The instrument oarts 

^ ~ ■ " ■>>— '■ ^ ■1 ^ were so labile that (as Foucault said 

Fig. 21 in his report cn this experiment) they : 

would be pet in motion by the slightest breath. 

Tiie gyro rotor was placed in rapid rotation. After the instrument had cone to 
--.rest, observations were made on the subsequent behavior of the outer ring. .Ve al- 
—.ready know that, in the absence of any forces acting on the instrument, its outer 

-Jring, together with the gyro axis, must slowly rotate from east to west, and that 

50_J 

“Ithis apparent rotation of the gyroscope reflects the true diurnal rotation (from 
■"iweat to east) of the earth. 

54 -^ - - 

Fou cault actually did succeed in detecting, on his instrument, this slow rota- 
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tion of the outer rin^. In this way, for the first time, the diurnal rotation of 
the earth was demonstrated by means of a pure laboratory experiment. 


Section 12. Gyro with Two Degrees of Freedom on a lio bating 


Foucault’s Rule^t,, J 



We have seen that a rapidly rotating gyro with three degrees of freedom on a | 

rotating base, stably preserves the constant i 

9 

# direct ion of its axis in space. This prop- 

^ erty is completely lacking in a gyro with two 

degrees of freedom. Let us consider the be- 
havior of such a gyro when placed on a rota- I 
ting base. 

physics laboratories of schools use ; 

I a model of the gyroscope with two degrees of 

freedom, lliis consists of the top (rotor) P,, 
whose axis aB is attached to the ring S whose 
horizontal axis of rotation CD, in turn, is 
attached to a fixed vertical ring Q which is 
rigidly connected to the base of the instru- 

ment (Fig. 22). This represents a gyro in a 

Cardanic suspension, whose outer ring Q is 
Fig. 22 nude immobile. It is clear that such a gyro 


has two der,rees of freedom. 


Let us place this gyro on the stage L which may be put in rotation about the ver*- 
~ tical axis MN (Fig. 23). Let us give the gyro axis a3 a hori.;ontal direction and 
place the rotor in rapid proper motion about the axis AB. Then, let us begin to 

^ itum the turntable L. The axis of the gyro will leave its horizontal position and 

s r,— --j I 

j slowly assume a vertical position. Let us now change the sense of rotation of the 

^ -- 

^^“jtumtable L. The gyroscope immediately will rotate through 1B0° about the axis CD, 

1 38 
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' J and its owr. axis will return to a vertical direction, except that the end of the 
„iaxis AB, previously pointing upward now pbints downward. Such a somersault of the - 
gyro about the axis CD will be repeated each time the sense of rotation of the tum- 


l Let us analyze this phenomenon. 

'’7 i^e place the gyro axis AB in a horizontal position and impart to the gj'ro rotor 
I the proper rotation and the sense shown in 

' Fig. 23 by the arrow (which is clockwise if | 

/! viewed from the B end of the axis AB). ihe | 

^ "i. I'j jl stage L is then rotated clockwise if viewed i 

0 —^ /"I above (as shown in Fig.23)j “t the samej 

" ""i * , time the ring S is fixed at the points a and| 

‘■' ■i B, without permitting it to leave this hor- | 

i ’ , izontal position. Ihe problem is to define 

■‘■"i J the force to be applied at the points A and ; 

' i B. The axis of the gyroscope will now ro- 

tate in the horizontal plane about the ver- 

7 ( tical axis I'IN. As we already know (cf. Sec- 

3b„^ Z k X 

tion 5), in order to effect this motion it 
j is necessary to apply a couple of vertical 

I forces to the gyro axis. Recalling Fig. 11 

; ^ in Section 5, we see that, at the point B ; 

Fig. 23 (Pig. 23), the vertical force F directed downj- 

— {ward, and at the point A the equivalent force, but directed upward ,must be applied j 

48-J I 

-H(we would reach the same conclusion as to the direction of the forces at the points ; 

^ and B by applying the rules of precession directly to the given case). Thus, in 

..^rder to force the gyro axis to remain hoid^ntal, to press downwa^ 

5 4 — — — - — — ^ ' ’ 

-at the point A, This means that the axis AB tends to idse a^its^ end 


r 
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iits A end. It becomes understandable ^rom this that, if the ring S is freed, thus | 
Llindnating the forces F, then the D end the gyro axis will act uall^r . rise and..fehe| 


ik end will sink; the gy 


ro axis will then become vertical, with the B end on top (^ifif 


We conclude that the axis of a gyro with two degrees of freedom, on a rotating 

© base, becomes parallel to the axis of rota- 
tion of the base in such a way that the rota^» 
D tion of the rotor and the rotation of the 

base are both in one and the same sense. 

Let us agree to term the two parallel axr 
es of rotation simultaneously parallel if the 
rotation about these axes is directed in one 
and the same sense. On introducing this 
term, we arrive at the following formulation 
of the result obtained: -hie axis of a gyro- 
score with two degrees of freedom, on a rota- 

/ k C j X 

^ ting base, tends to simultaneous loarallelism 

I ' with the axis of rotation of the base. 

\M 

. I This result, which was first enunciated 

li 

by Foucault, is generally known as Foucault’s 


It is now easy to understand what takes place when the sense of rotation of the 
— I base is changed. In obeying the same rule of Foucault, our gyroscope would have to i 

'I 5 — j ' 

—^flip over immediately to make its axis again proportionally parallel to the iocis of 
48_ ^ I 

— rotation of the base. Each change in sense of rotation of the base of the instru- 

50-j 

— ment will cause another inversion of the gyro. 

52— { 

If no special model of the gyroscope vrith two degrees of freedom is ava i lable, | 


■jthe experijaait described in this Section can be reproduced by means of an ordinary 
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-J gyro in a Cardanic suspension. After plajiing the rotor in rapid rotation, 

^the outer ring must be rotated by hand ab^ut the vertical, axis in alternating direc* 

tions. The gyroscope vdll respond without lag to these rotations, by executing sue- 


J cessive inversions in accordance v#ibi 


F'oueauit’s rule. 


Section 13. Derivation of the Formula for the G^oscopic Moment 


i In Section 5, we have made the reader i acquainted with eq. (2) for the value of 
the gyroscopic moment; i 


This formula determines the value of the moment of the forces that must be ap- 
_J plied to the axis of a gyroscope to cause it to rotate through the angle ot during 
.. ’the time x about an axis perpendicular to it. Here, J is the moment of inertia of 
„;the gyro rotor, ^ the angular velocity of its proper rotation, and w = ^ 

-;the‘ angular velocity of rotation of the gjro axis. 

Let us now dwell on the derivation of this formula; 

— J First, we will revert to the beginning of Section 5. There, we discussed the ef-' 

- feet, on the velocities of four points A, B, C, D lying on the rotor periphery, of 
._:a rotation of its axis through the smll angle a about the line zz (Fig. 6). Let us! 
_.now discuss the same question with respect to any point lying on the rotor circumfer- 


__ Let U9 take, on the rotor periphery, any point N and let us denote by (p the j 
4-6 — j 

__ingle formed by the radius ON and the horizontal radius OA (Fig. 25). As a result of' 
48-4 ! 

-the proper rotation of the rotor about its; axis KL, the point N will have the veloc-! 

50_j ! ' ^ 

1-ty V, directed along the tangent to the rotor periiptiery (Fig. 25 and 26), and equal 
° ^ = R y , where R is the radius of the rotor and w Is the angular velocity of 
-Its proper roUtion. The proper roUtion of the rotor will be considered as clock- 
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n 


-I wise of viewed from the L end of the axis! KL (Fi^.25), 

interval of time T* (whichlwe assume to be infinitesimal), the gyro 

^ -..J i 

. ] axis KL will rotate in the horizontal plane through the sjoall single and will take 

the position same time, the plane of the rotor, rotating through the 

._..j same angle cL about the vertical line zz, will take the position A^BC^D (Fig. 25). 

Then N, during the time ^ , v^ll be displaced to the position N^, and its velocity, 

^ ^ - 1 ^ ' ' vdthout changing in magnitude, 

^ vd.ll change its direction; after 

// { the rotation, the velocity of the j 

vihj ' 

point (which we shall denote by 

- . Ij jn i\ the symbol v , where v = v) is 

I /.! ^ directed along the tangent to the i 

u 1 f rVL^ni 

' ^ circumference A^BC^D (Fig.25). 

. " W ill later argument we must 

\\ Vj' ji now ascertain the value of the an- 

Si®s formed by the direction of 
^ the velocity v^ with the original : 

direction of the velocity v. Let ‘ 
1 ,. ^ Fig, 25 the point of intersection between ■ 

'0 '| the velocities v and v^ and the line zz be denoted by the symbol 0^ and let us drop | 
the perpendiculars NO^ and from the points N and to the line zz. Noting I 
4 i tiiat., in the triangle N 0 ^ 02 , the angle at the vertex 0^^ is equal (as a result of thel 
being perpendicular) to the angle (p , we conclude that ! 


NO^ = NO^ sin <p 


54 IXxrlng the time t , the point N is displaced NN^, which is an arc corresponi 


56 ce nt ral angle this ^ngle ie e<^l to the angle of rotation 
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. . — ^ ^ ^ ■ ' - 


n 

1 : 


! 

1 

angle we require between the di- j : 

^ rectione of the velocities v and | 

\ Q V ; let us denote it by the letterj 

^'1 ^ ^ ! 

'' 1/7 ^ i 

, X. Then we shall have 

□ 


/\ 

i \ ! : ^ 



w 

1 whence 

z 

N02 

Fig. 26 


i 

NO 2 - 4 

£ :: sin qp 

NOi 1 , ; 


50— 

52~ 

' "rj;? 

X = a > sin qp (8) 1 . : 'V 

I 

54 

^ 1 . a 
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Let us now represent the triangle on a special diagram (Fig. 27} and let 

us construct at the point N, a parallelogram in which the segment v is-one of the 
; sides while a segment equal and parallel to is a diagonal ; the second side of 
•this parallelogram will be denoted by u^. Ihe transition from the velocity v of 



V L 


:r. ■ -Vu. 


point N to the velocity v^ of point is equivalent to the appearance at point N of 
a new velocity component which, on combining with the velocity v, yields a new 
- velocity v-j^. Since the triangles are similar, we have: 


— i - ^ 

NOi 


u = V i 

1 NOi 


-‘or, on the basis of eqs. (?) and (8), 


u = vx = V a 8ln qp 


56 4-^ with .safflcisat accuracy, fey . a .rectilinear »ej 
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As for the direction of the velocity U^, it will be seen from the diagram (Fig. 
L 27 ) that it is opposite to the direction of the diaplacemeat In view of the - 

^ smallness of the angle a , this displacement may be considered perpendicular to the 
i plane of the circumference aBGD (Fig,25),; i.e., parallel to the rotor axis KL. Con- 
sequently, the velocity u^ is directed perpendicularly to the plane Sf the rotor, or 
parallel to its axis KL (Fig. 28). 

We have assumed the point N to belong- to the quadrant AB of the rotor. Let us 
now take, on the quadrant BC of the rotor, the point P, symmetric to the point K 
' with respect to the line zz. Repeating the same reasoning, we find easily that, on 
rotating the plane of the rotor about the line zz through the angle ot , the new 
velocity component u will appear at the point P and will be equal in magnitude and | 
direction to that at the point N. At the points Q and V, belonging to the semicir- | 

- cumference ADC and symmetric to the points N and P with respect to the line aC, | 

- there will appear the same velocities A^, equal in magnitude but opposite in direc- ; 


Thus, at all points of the semicircumferencp ABC, will appear the velocities u^,- 
determined by eq. (9) and directed parallel to the rotor axis KL toward the L end of 
this axis, 'fhe velocities equal in magnitude but opposite in direct -on, will ' 


appear at the points of the 


semicircumference ADC. The appearance of the velocities 


- is due to the rotation of the rotor plane through the angle a , in the time x ,! 

- about the line zz. Let us now take into account the other effect, i/diich is likewise! 

— a consequence of this rotation. i 

— ^ Let us return to the ooint N. In participating in the rotation of the rotor a- j 

5_h * ! 

j bout its axis KL, this point has a rotational velocity about the axis KL, which we | 

~ have denoted by the symbol v. However, during the time x , the plane of the rotor j 

His likewise rotated about the line zz through the angle a , and as a result of this, 

““ the point N, which participates in this second rota tion, litcewise receives a rota- 


-itional -velocity (which we shall denote by the symbol w) t^ l^e aa. 
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velocity w is equal to the product of the radius NO^ and the angular velocity of 
■ rotation of the rotor plane about the line zs; denoting this angular velo city (a j . 
in Section 5) by w^, i.e., assuming that 


we have (Fig, 28) 


w = NO^ w = NO^ ^ 

^ X 2 rw 


7 ;:^ 
jyr ! 



However, the direction of the ve- 
locity w is perpendicular to the j 

plane of the rotor, i.e., parallelj 

I 

to the axis KL; in addition, at | 


the sense of rotation of the rotor 


plane, adopted by us, about the 
line zz, the velocity w is direct- 


ed toward the K end of the axis 


KL, i.e., is opposite in direction 
to the velocity at the point N , 
It must be taken into account 
that, during the time , the 
point N while participating in the 


rotation of the rotor about the 


— axis Mi, traverses the short path h'N* = v^ , and toward the end of the time inter- 

— ‘val will be at the distance N*0* frcm the line zz (Fig, .29 and Fig. 30) instead of! 

■to * i 

— at the distance NO,. In other words, during the time 7^ , the radius N0„ is dimin- 
.^■“iished by the quantity Mn (Fig, 30) and the velocity v by the value Nn oi/ ^ 

is equivalent to the appearance of a new velocity component = }{n ^cl 't * oppo- j 
5 6 _ site in direction to the veloc ity v, i. c.^ coincidlns in direction with the veloc- i 

. -J ^ ' 1 
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; ity u^. We note now that, in the triangle liK'n (Fig. 30), the angle at the vertex N’| 
I ia equal (since the sides are perpendloulair) to the angle ^ and that, consequently, 

,i Nn = sin cp = v sin cp - 


u = Nn JlL. = V sin <7^ 

P r>-’ f 


y-l-- 






We see that the velocities and coincide not only in direction but also in 
magnitude. On compounding these two velociti'»s, we conclude that, cn the rotation 
of the rotor plane about the line zz through the angle ot in the time t , the fol- 
lowing velocity component appears at the point N during this time; 


u = u +u “2va sin m 
12 


,ch is directed parallel to the aoLis KL toward the end L (Fig.31) • 

"In exactly the TKiiiriiay, we may xjonvlnce our selver dJhsty owlng^ effect i 

i e r eon ciderationy-the- veloe4Mee--u--^cquired by the points ?, Q, and V are^ now 

I -L 
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doubled (Fig. 23). <\t all points of the semicircumferenco ABC there appear the ve- j 

loqities u petrallel to the KL axis and directed toward the end 1; the aajne veloci- 
ities, but in opposite directions, appear at the points of the sejnicircumference ADC | 
.i(Fig.31). j 

Let us now revert to Newton's I 
Z Second Law of Motion. Let us as- ‘ 

cp sume, as in Section 5, that the I 

# 1 

entire nass of the rotor is con- ■ 

r I 

_^2F centrated along its periphery AxsCD, 

. - on which it is uniformly distrib- 

Z, ! 

uted. Let ra be the mass of the ror 

tor, R its radius, and let us di- ' 

vide the entire length of the cir-; 

j cuiaference 2 ?r' R into infinitesi- 

I , , 

I . mal elements A s (Fig. 32). To 

Z 

each element of arc A ® corre- 
Fig.32 spends the elementary mass , 

• ■ which is found from the proportion 


N 


1 

2f^ 

A 



u = A s 
m 2 " R 


2 c R 

■?6— j 

--! On rotation of the rotor plane about the lines zz through the angle a during 
the time -c , the elementary mass ^ at the point N has its velocity changed by the 
value u * 2v (t sin ip , directed parallel to the axis KL toward the end L. conse- 
jquently, in accor dance with Newton's Second Law, this elementary mass, during the | 


56 T i i a subjected to the force F which is likewise directed parallel to th<^ 

sbT* i 
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rotor axis toward the end L, and which is! equal to 


Denoting, as above, the angular veloc|lty of the proper rotation of the rotor | 
about its axis KL by w ^ and the angular velocity of rotation of the rotor plane j 
about the line zz by w , we have 


and, consequently, 

F = m w w s sin <p (11) 

Tv 1 ^ ' 

The same force F is applied at the point P, and forces equal to F but opposite 
in direction are applied at the points Q and V (Fig. 32). On compounding the two 
forces F applied to the points K and P,we obtain their resultant 2F, applied at the 
point 3, which bisects the segment flP; in exactly the same way the compounding of 
the forces F, applied at the points Q and V, yields the force 2F in the opposite di- 
rection applied at the point T bisecting the segnent QV. The two forces at the 
points S and T form a couple of forces with the arm ST; the moment of this couple 
is equal to 2F • ST. 

Let us substitute here the Value of F taken from eq. (11). We note, in this 
case, that the quantity a s sin (p has a simple value. On laying off (Fig. 33) from 


the point N the dement 


A s and producing iiorizontai and verxrical 


lines through the point N and H', we obtain the elementary triangle NK»n, in which 
'the angle at the vertex N' is equal to cp ; from this triangle we find 


A s sin <p = 


I Thus, we have 


X 
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However, the product ST • Nn is theai^eu of the zone NnqQ (which is hatched in 
Fig.33)j denoting this area by the syabol^cr^ , we have 

, 2P « ST = -2-i. m w w 


This is the moment of the couple 2F, applied at the points S and T. we will havi 

I 

an infinite number of such couples | 

i 

^ corres[X)nding to ail the elements ' 

of arc AS. All these couples of 

a t ■ D 

forces are compounded into a single 

X p s. j \ resultant couple in the vertical 

I ^ I plane, passing through the axis KL; 

^ ^ j and the line zz, whose moment is 

^ I j. / equal to the sum of the moments of! 

component couples. Consequent- 

I iy, denoting the moment of the re- 

Z suitant couple by the symbol M and 

o Fig. 33 using the sign 2 to denote summa- 


M = S 2F • ST = 2 


In all the components of the latter sum, there enters the common 


factor m w 


^ on removing 


this common factor from the summation sign, we have 


M = —2— m w w ^ 2 o 

The sum of the area of the zones a , corresponding to all possible positions of 
"Ithe point N on the arc AB, gives the area of the semicircle BAD and, consequently, 

4---' la = ’ ' I 
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Thus, we finally obtain 


The quantity mH is called the ooment of inertia of the rotor, under the assuinp-j 
' tion that all of its mass is concentrated along its periphery. Denoting the r.ioment | 

i 

'of inertia by the symbol J, i.e,, setting \ 


This must be the moment of the couple of forces to be applied to the gyroscope 

in the vertical plane passing through its axis, in order to cause a rotation of the 

axis in the horizontal plane through the angle a during the time x j we must not 

foro-et that here w = JL- , Eiis moment is, therefore, termed the gyroscopic 
lx 



In deriving eq. (13) which coincides with eq.(2) given in Section 5, we assumed 
.that all the entire rotor mass is concentrated along its periphery, i.e., that the 
rotor has the form of a solid ring with relatively light spokes. V<e have done this 
— in order to simplify the derivation. Ecjuation (13) remains true, even at a differ- 

ent distribution of mass in the rotor, i.e., at a different form of the rotor. How- 

,ever, the value of the moment of inertia depends on the shape of the rotor. For 
-Jexample, if the rotor has the shape of a round disk of uniform thickness, of mass m 
jand radius R, then its moment of inertia is determined not by eq. (12) but by the 
— iformula; 

50_J 
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SOl-IE OP THE SIMPLEST APPLICATIONS OF THE OYROSCOPE 


Section Ik. The Qbry Oyroacopic Steering; Device'^*- 


Let us now turn to the applications of the gyroscope, ••e will begin with a few , 
applications of the astatic gyro with three degrees of freedom, V/e already know 
that, if such a gyro is set in rapid proper rotation, then its axis becomes able to 
resist energetically all forces tending to vary its direction in space. The rapidly 
rotating astatic gyro is irreplacable in all cases in which an instrument, stably 
maintaining its assigned direction in space, is required. Some of these applica- 
tions of the astatic gyro will be considered by us in the present Chapter, 

Ihe widespread apijlication of the gyro in various fields of technology cormenced 
on the dividing line bet>.aen the past and present Centuries, One of the first and 
very successful steps in this direction was the invention in 1898, by the /vustrian 
engineer Obry, of a gyroscopic direction-keeping mechanism for self-propelled tor- 
pedoes. This aoparatus serves to keen a torpedo moving through /.titer on its set 
course . 

The torpedo has a cigar-shaped form and is driven by propellers mounted in its 
tail, iRie nose of the torpedo carries the explosive charge. The body of the tor- 
: pedo contains a fucumatio drive which, during the time when the torpedo is running, 

_n^ In U,S« terminology, this a direction— keeping, mechanism CTQr..J 

I torpedoes ). 
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maintains the rotation of both propellers i(rotating in opposite directions) and also | 

.|contain 3 the chamber for the compressed ailr which feeds the pneumatic- drive. Tb | 

maintain the torpedo moving through the water at the assigned depth and on the set 
■course, two rudders are used, the depth rudder in the horizontal plane, and the di- 
rectional rudder in the vertical plane. Both rudders are automatically actuated by 



the depth instrument and the 
directional instrument. Dis- 
regarding here the depth de- : 
vice (whose action is based 
on the laws of hydrostatics),, 
we will give a detailed de- 
scription of the directional 
device which utilizes the prop- 
erties, already known to us, 
of a rapidly rotating astatic 
gyro with three degrees of 


The steering apparatus of 
the torpedo, which controls 
the directional rudder, con- 
sists of a rapidly rotating 
astatic gyro in Cardanic sus- 




pension with three degrees of freedom (Fig.34), In the normal position of the tor- 
pedo, and the axis of rotation of the outer ring xx is vertical, the axis of rotation 

) 

pf the inner ring yy and the rotor of the gyroscope zff are horizontal; the axis of 
jrotation of the rot or xz ru ns parallel to the longitudinal axis of the torpedo (in j 


jthe directio n of its motion), while the axis of rotation of the inner ring yy is 
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-Jnornal to the longitudinal axis of the to^do. 

If the torpedo is moving correctly toward its target along the set course, then 
the gyro axis zz, preserving its direction in space, will always be directed along | 
_ the longitudinal aucis of the torpedo (Fig,35)^; the plane of the outer ring of the | 
_ suspension has a direction normal to the longitudinal axis of the torpedo. Ihe sit-| 
uation is different if for any reason at all, the torpedo deviates from the set | 
course. Let us assume that the torp>edo deflects from the direction to the target byi 
the angle oLto the left (Fig.36). The gyro axis zz, which stably maintains its 
direction in space, will as before point toward the target and will form the angle 





Fig. 35 Fig.36 

with the longitudinal axis of the torpedo. With respect to the body of the toi>- 
pedo, the gyroscope then executes a deviation about the vertical axis xx by the an- 
gle to the right. 

The body of the torpedo contains a servomotor which is actuated by compressed 
■ i— air from the air chamber and triggers the directional rudder. Feeding of the com- 
‘ i - pressed air to the servomotor is regulated by a valve connected with the gyro (more 
1 3— ^specifically, with the outer ring of the gyro suspension). When the valve is in its 
''^O—central position, the air supply to the servomotor is interrupted, and the rudder is 


>5'-end~-36' give-a- vi«w--of the torpedo from above The po^Vioa-of- 3 
-is -^hoim-sohomat io&llyr the glmbal are not shoim at 





60 





V. 
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. Jraotionless. As soon as the gyroscope is displaced xvith respect to the body of the 
'torpedo and turns, let us say, to the right, it will produce a displacement of the - 
..jvalve and open the air ;lntake of the servomotor. This deflects the rudder, also 
J producing a rotation of the moving torpedo to the right. At an opposite rotation of ; 

-Jthe gyro from its central position, in exactly the same way, a rotation of the rud- | 

' — i i 

..der in the opposite direction is produced. i 

. i Thus, any deviation of the torpedo from the set course vdll automatically actuat^ 

’ . i 

the directional rudder, causing the torpedo to turn in the opposite direction and > 
.. thereby correcting the deviation of the torpedo from the set course. However, this 

is not all: Any deviation from, the course to the left is followed by a deviation of : 

the course to the right, accompanied by a new deviation to the left, and so on. The 
path of the moving torpedo is not a strictly straight line but has instead the shape 
of a slightly sinuous iinej this produces the phenomenon known as yawing of the 





In the mechanism described here, the source of energy necessary for turning the 
directiorial rudder is compressed air from the air chamber. Vflien supplied to the 
servomotor the compressed air actuates it and causes deflection of the rudder. The 
function of the gyroscopic direction-keeping mechanism is to sense any deviation of 
- the torpedo from the set course and automatically tripping the servomotor at the pro- 
■per moment. 'Diis device automatically gives control of the correct course of the 
, — t^orpedo according to the principle of remote control) here the two main functions of 
^ -an automatic control are realized: 1) to sense any deviation of the given object 
; rom its proper course; and 2) to supply the necessary energy to actuate those parts 
()f the machine (the directional rudder) which will correct the existing deviation; 

functions are exerted by two different instruments, the gyroscopic direction- ' 
^^Hceeping mechanism and the servomotor. 

54 A design is lik ewise conceivable in ¥rhlch these two functions are combined in a 
unit, This corresponds to the prin^ple of direct control. Here one and the 
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,_!saiae instrument senses the deviations of tjhe object from the correct course and si- 

> i 

, jjjultaneousiy supplies the required energy to correct these deviations. . 

after invention of the self-propelled torpedo, attempts in this direction were 


..J immediately made. One of these is represented by the gyroscopic steering device of 
-.the Howell torpedo. In this apparatus, the rotor of the gyroscope was suspended 
within the torpedo, but not in a Cardanic suspension; instead, the axis of the ro- 
. ..tor was placed in bearings rigidly attached to the body of the torpedo, so that the 
gyroscope had only one degree of freedom with respect to the body of the torpedo, 
corresponding to its own proper rotation; the axis of rotation of the gyroscope 





-was directed, not along the longitudinal axis of the torpedo in the Obry device), 
but along the transverse horizontal axis (Fig.37). If it is borne in* mind that the 


bortv of the itself 


otats freely about a vertical axis (corresponding 


to the pitching of the torpedo on its course), and about the transverse horizontal 

^—axis (rolling of the torpedo), and if these two degrees of freedom are added to the i 

•i — . I 

freedom rnrre spending to the pro^r rocation of the gyroscope, then it | 
be concluded that the Howell torpedo control unit constitutes a gyroscope pps- > 
sessing three degrees of freedom. In ordw to understand the principle of o^ratlcA 
56~!L this gyroscope, let us I jiglim ttet a^ horizontal force H (e.g., the iapact of 
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wave) tends to cause the torpedo to deviate from its set course (Fig,37)« lliis 

I — 

J>.-t-ending. to^ the body of the- torpedo alx)Ut..the-.yertical. axis generates^ 


4fi^t the bearing A and B of the torpedo axiq, the horizontal forces F and F, acting on 

... 

the ends of the gyro axis AB and tending -^o rotate this axis about the vertical ax- 

is XX. We already know how to find the resultant of the forces F and applied to 

10 J i , . . 

the gyro axis; we recall the rule of precession in Section o. According to this 

1 2 I 

_.jrule, the direction of displacement of points A and B is found by rotating the di- 

rection of the forces F and F^ through 90^^ about the axis AB in the sense of rota- 

„,tion of the gyro rotor (in Fig, 37, we assume that the rotor rotates clockwise). We 

13 J ! 

....'conclude that, under the action of the forces F and F. , the A end of the gyro axis 

.„jis lowered while the B end is raised; at the same time, the entire body of the tor- 

— pedo is rotated about its longitudinal axis zz (Fig. 37). In this way the Howell 
-Jtorpedo, on receiving an impact H from a wave, is not deflected from its course but 
— lonly acquires a certain roll and swings about its longitudinal axis zz. Later de- i 

signs of the Howell control instrument included parts designed to eliminate any pos-j 

jsible rolling of the torpedo. | 

Without going into further detail, we note that the idea of the direct-acting 

— !gyroscopic direction-keeping mechanism on which the design of the Howell torpedo was 

— 'baaed did not prove itself in practical use; this design gave way to the remote-con- 

-••trol Obrv mechanism. In this latter design, the function of the g^’Toscope ir merely 
4 0 J ' I 

— to indicate the deviation of the torpedo from the set course, while the actual work 

42_. ; I 

— of correcting the deviation# is performed ;by a different source of energy. It is 

—only natural that, in such a design, the gyroscope should be subject to milder oper- 

46 — - 

— ating conditions than in the liowell designi. IWls constitutes the advantage of the 


— iating conditions 

48— I 


srlng device. 
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- i Section 15. ^yro Indicator of Longitudinijl Tilt of an Aircraft and of Deviations 


^ From its iCourse' *^ 

Use of »^*ro«cop€fl is particularly widespread in modem aircraft instmraents. 

Most of the instruments that make "blind" flying of aircraft possible, i.e., flight 
._in absence of visible grovmd marks (darkness of ni^t or clouds), are l^^sed on the 
application of the gyroscope. A few applications of the astatic gyroscope in instru- 
ments for blind filing will be discussed below. ' \ 

Under conditions of instrument flying, when the pilot has no opportunity to judge 
the position of the aircraft by observing ground marks, he needs an instrament to 
provide indications of every deviation of the aircraft from correct rectilinear 
flight in the assigned direction; in other words, he needs an instrument that 
immediately warn him of any deviation of the aircraft from the set course, or of any 
■ deviation from the horizontal direction of flight (going into a dive or climbing), so 
that the pilot, by manipulating the control surfaces, is in a position to rectify the 
flight of the aircraft. It is easy to construct the scheme of such an instrument, 
using the properties of the astatic ©rro with three degrees of freedom. 

Let us imagine that the instrument panel in the cabin in front of the pilot in- 
cludes an instrum^t with a box-shaped body, containing an astatic gyro in Cardanic 
suspension, v/ith three degrees of freedom (Fig, 38). The axis of rotation of the out- 
er ring a lies in bearings rigidly attached to the body of the instrument and direct- 
ed horizontally, transverse to the body of the aircraft; the axis of rotation yy of 
the ring, in bnc normal position of the instrument, is directed Vcjrtically; ohe axis 
—of rotation zz of the gyro rotor P, in the normal position of the instniment, is di-' 
—^ected horizontally along the longitudinal axis of the aircraft. , 

— ' The inner ring b, on the extension of the gyro axis, is rigidly connected with 

white disk c. The wall of the instrument, facing the pilot (in Fig, 38, the ri^t 



^“1* Translator’s note: In U.S. tendnology, a tum-and-bank indicator. 
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wall) is covered with a glaas plate on which the circle d is blackened, covering the 

i white disk c. The rotor of the ^o is placed in rapid rotation. 

If the aircraft is in rectilinear horizontal flight in the assigned direction, 

' Directictt j 

of flight j 


Longitudinal axis 
of aircraft 



then the white disk c is covered by the black circle d, and is not seen by the pilots 
Let us assume that the airplane deviates from a horizontal flight; assume that it 





— ^begins to gain altitude (changes to a "nose-up" attitude) and its front end is ele- 
"“^ted above its tail. Our instrument, rigidl/ attached to the body of the aircraft, 
~vill likewise loose its horiaontal position (Fig.39), while the gyroscope In the in- 
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.strument stably maintains the original direction of its axis, and still remains hor-] 
izontal. It will be s^^en from Fig,39 that now the black circle on thg glass of the J 
instrument no longer completely cnver? the whits disk. To the pilot, looking at the | 


..instrument, part of the white disk appears as having emerged from beneath the black i 

< I 

..circle d and moved on the glass plate pf the instrument (Fig. 40), If the aircraft j 
goes into a '>dive'«, the instrument will indicate this by the fact that the white I 

disk emerges from the black circle on the -lower side. It is easy to imagine that j 

in the same way, the instrument will detect any deviation of the aircraft from the 
assigned direction of flight. At a deviation from the assigned direction toward the 
right, the white disk will appear from beneath the black circle to the right; its 




appearance to the left of the black disk indicates a leftward deviation of the air- 
craft from the set course. By observing the instrument, the pilot 5s thus able to 
check the accuracy of flight. For example, if he sees that the white disk appears 
tc the right of, and btlow, the oiack circle (Fig. 41), he will know that the air- 
“jcraft is deviating to the right of the set course and has gone into a dive. By ma- ‘ 
jnipulating the rudders the pilot can correct the position of the aircraft, even withi- 
^out ground view. 

_ The gyz*o8copic tum-and-bank of the above type was designed by the British de- | 

(Blbi.-i) 1 
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Section 16. The Gyroacoplc Seml-Commss* 


4 , Another instrumeait baaed on the sanM ^dea ia widely used in aviation under the 

I 

6 .. sem i-compass The_ operating. principle of this instrument bLlscusa?*- 

o jed below* ! 


10—. Naturally, it is readily possible to keep an aircraft on its course in the ab- 
j 2 _.. aence of visible landmarks by means of an ordinary magnetic compass. However, oper- 
] 4 _.jation of the magnetic compass on board an aircraft is very difficult, because of the 
16— iconstant fluctuations in the position of the instrument under flying conditions. A 
I8.Jinore stable directional indicator for aircraft, by which the course can be datennin- 
2 0_,ed, is required. It is natural enough to think of using a rapidly rotating astatic 
2l''_gyrc with three degrees of freedom, possessing a high degree of stability, as such a 
24 — course indicator, 

26— i Let us assume an aircraft to be in horizontal rectilinear flight in the assigned 

’G— -direction AB, which is called the course of the aircraft (Fig. 42a). To avoid ccm- 

plicating the matter we assume that the flight is made in windless weather (there is! 

■ho difficulty in allowing for the influence of the wind), and mark the direction of 
' 5- the meridan SN (S, south; N, north). The angle Y between the directions SN and AB is j 

— ! I 

3 G— termed the course angle or heading of the aircraft; this angle is measured from north 
38 — jbo east (so that, e.g,, a course angle of 45° corresponds to a direction of flight i 
40„jjioward northeast, while a course angle of 270® corresponds c,o a flight toward west), j 
42_..[5ie pilot’s task is to maintain the prescribed heading. j 

— 'rt'e aow assume that the pilot’s cabin contains a rapidly rotating astatic gyro in 
46__3ardanic suspension with three degrees of freedom, of the design Indicated in Fig.2j 
48-^ihe axle of rotation in the outer ring of the gyro is set vertically (the outer ring 


50—4 3 not shown in Fig. 42). If we set the axjLs of the gyro rotor horizontally in the 
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— (- 


direction of the meridan SN, the angle between the rotor axis and the longitudinal 

axis of the aircraft vdll give the heading ... 

We already know that a rapidly rotating astatic gyro with three degrees of freiH 

dom has the property of stably maintaining a constant direction of its axis in spaco. 
_ If the earth did not rotate, the axis of such a gyr-o would also maintain its constwb 
direction with respect to the ground. Let us disregard the earth’s rotation, for j 


I ^ ^ 



/ > 






the time being. If there were no diurnal rotation of the earth, the axis of our 
gyroscope, once set in motion, would remain directed along the meridan without diangc, 
and any variation in the heading of the aircraft would result in the same variation 

of the ancles between the gyro axis and the Icngitudinal axis of the aircraft. Let 
us assume that the aircraft denriates from its course and the heading varies by the i 

quantity (Fig. i+2b). This would immediately be detectable from the corresponding; 
variatic:; in the angle between the gyro axis and the longitudir.al axis of the air- j 
craft. The pilot must deflect the rudder and return this angle between the axes of 
of the aircraft to its original ralue y • In this way the pilot could maintain the 
^ irfth«it oalng IftfidmeTka or a magnatlc empaas^ 

i This wofol d be the eltcation if the earth did not. rotate. Let_tt0 aoWL defias the 
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^ ^complication introduced by the diurnal rotation of the earth in the operation of the 

2 — { ' 

I instimment . ^ 

To take the simpleat case, let us put i ourselves into the position of the crew of 

I the airplanes that left I.D.Papanin and his companions at the North Pole. At the j 
, i : ' 

'’"1 North Foie all meridians converge in a single point (Fig. 43); all of them rotate to-. 

^ . gether with the earth about the axf 

‘ " I • is of rotation of the earth, which| 

1 ! ’ , I 

passes through the North and South; 
Poles; they rotate from right to 
left ( count erclockv.ise), making 
one revolution per day. During the 
period of one hour, each meridian 
rotates by 36^, = 15 °. If the ax- 
is of a gyroscope, installed on an 
aircraft flying near the North 

Fig. 43 Pole, is to maintain the position 

of the meridian vri^thout change, the gyro must be so arranged that the gyro axis no 
longer maintains a stable direction in sjace but rotates uniformly in a horizontal 

- plane from right to left, rotating by 15 ° during the course of each hour. 

VJe krc.; already that this can be done, since the phenomenon of precession of cne 

- gyro, with which we are familiar, is involved here. To induce a precession of the 
_ ;gyro in the horizontal plane, it is sufficient to apply an aopropriate vertical 

--iforce to the gyro axis. Let us attach a counterpoise weighing p grams to the inner 

-16 — I 

— |ring, alonm the extension of the rotor axis and precisely at that end of the rotor 

4B~| '' . ; 

h-xla from which the proper rotation of thp rotor appears to be counterclockwise, Ac- 
50— ^ 

- cording to the above-described rule of precession (cf. Section 6), it is easily found 
52-j 

^^•“■that, under the action of the force p, the v#ill process in a horizontal plan e, 
-rotating counterclockwise, i.e., from right to left, about a vertical axis. ^ 
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Tj The angular velocity of precession is expressed by eq.('+): 

-1 ^ - 

Hwhere J is the moment of inertia of the ritor, w the angular velocity of its pro^^ 
'■’iJer 'rotltion, and a the distance between 4e point of application of the force p and 
“ithe point of intersection of the Oardaniciaxee. Ihe instrument provides means for 
I varying the value of a. Obviously, the value of a can be so selected that the angu- 
lar velocity of precession of the gyro will have the value we require, corresponding 





''' to the rotation of the gyro axis through 15° during the course of one hour. Ihis op- 

2 L'- - ' ' 

the r.dj-.:= 5 t-?nt -'f the in 2 tr-LT.er.t. 

1: v;e have considered the operation of the instrument in the region of the North i. 

~^Pole. On the whole, the situation is the same at other latitudes, with the single : 
-Jdifference that, in the middle latitudes, the plane of the horizon rotates about thej 

— vertical and turns, during one hour, not through 15° ^ut through a smaller angle*. ; 

48- S 

50- This question will be discussed further in Section 22. There it will be demon- , 
otrated that, at all points of the earth*8 surface except the poles, the plane of thj 

nnly ,^baiit-tha-vertica but ^also- about, the 

56 ^ f , far jfahe^ phenoiBfflon- ris^^d setting- of Jaoav.enly-i)^^ 
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-IjFor example, at the latitude of Leningrad,; the plane of the horizon rotates through 
Japproximately 13° per hour. Of course, the instrument must be so adjusted to this — 
rjangular velocity of precession that, at the latitude of Leningrad, the axis of the 
' maintains the direction of the meridian without change. 

*Ij Tnis is the principle of action of the gyroscopic course indicator, also known 


__4 inis is tfi© principis oi action oi — 

Z-as gyroscopic semi-compass. Obviously, this instrument is not a compass in the full 
_ 4 sense of the word. It cannot completely replace the conventional magnetic compass. 

. The gyro axis in this instrument does not possess the power of aligning itself auto- 
-.-.matically along the meridian as does the magnetic needle of a regular compass. In- | 
Z'tervention by the observer is required to align the gyro axis with the meridian. An- 
Zimportant property of the instrument is that it possesses the power of maintaining j 
Z^ithe direction of the meridian with great stabiHty, once it is set. In this lies j 
-- its immense superiority to the ordinary compass, i 


- Section 17. Design Features and Operation Details of the Gyrosco 


3 ic Semi-Compass 


Having discussed the operating principle of the gyroscopic semi-compass, let us 
now give a few details of its design and operation. 

The instrument is mounted in a hermetically sealed body (box) which is attached 

— to the instrument panel in front of the pilot's seat in the aircraft cabin. The 
— is of rotation of the outer ring of the gyro is arranged vertically (both rings in 

— our instrument are constructed in the form of rectangular frames which, of course, , 

-^;is not a point of substantial importance). The pilot follows the apparent displace-^ 

— ^kents of the instrument in the horizontal plane by observing, through a window in th^ 
45_j j 

— wall of the body, the displacement of a horizontal graduated circle attached to the ; 

-isZ I 

iouter ring of the instrument (the outer frame). The '-a 11 of the inetnrrer.t body \ on; 
glass of the window) is provided with a so-called course mark, which corresponds: 
''"to ths direction of the longitudinal axis of the aircraft. The division of the grnd|» 


Huatsd circle dtrsctly opposite ths course mark gives the of the aircr aft. 

^ — — - - *■ 
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Figure 45 gives an external view of the instrument from the side facing the pilot: 

] a is a rovmd window; the field b beyond the window is covered by an, opaque mask witi 
“j a rectangular opening through which part of the graduated circle can be seen; and 



j cc is the course mark. ^ 

For correct operation of the iiistrumen»; it is very important that a constant i'0-| 

tational speed of the gyro rotor be main- i 

. tained for a long time. In the instru- ' 

ment we are describing this is done in the ; 
following way: 

The air is continuously aspirated froni 
the body of the instrument by means of a ; 
Venturi tube, thus producing a pressure i 
differential within and without the body. 
Under the action of this pressure differ-, 
ence, the outerairis drawn into the body 
Fig. 45 of the instrument through an opening in 

the bottom of the and a jet of air enters the channel a (Fig. 46) cut iiito the 

step bearing the outer ring b (outer frame). From there, the air jet enters the 
nozzle c,^ich 5s rigidly connected with the outer frame b. Tne rim of the rotor d, 

-- ay5«= e Is attache^ to the inner frame f. is provided grooved The ' 

air jet impinges with great force on these slots on issuing from the nozzle c; this 
, ensures uniform rotation of the gyro rotor. The air pressure in the body is brought 
, to 90 mm Hg; in this case the gyro rotor runs at about 12,000 rpm. me direction of 
.,Hair circulation within the casing is indicated in Fig, 46 by arrows. : 

i 

bs.'Zl mere is still another interesting design feature of the instrument, by means of 
52— which the gyro axis is automatically returned to a horizontal position (or more ex- | 
54 JjIsfcjlyiMJjitQ ja^ position. perpendicular^ t^ of rotation of the outer fraaa)^ — j 
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' if for any reason it leaves that position'^. } 

The rim of the rotor is provided withitv/o ridges for directing the. air Jet is- . | 

V ! i 

suing from the noszle a which, in turn, is attached to the outer frame b (Fig. 47). j 





C To the venturi 
_ tube 







Let U5 imagine that, for any reason, the axis of the rotor AB has left i-he horizon 
tal position; let us assume that the end A of the axis is xowered and the end B .:.s 
raised (Fig.AB). Now the air jet will strike not only the slots of the rotor but 

■» We remark that the axis of an ideal free gyroscope with three degrees of freedom 
always has a tendency to leave the pLine of the horizon. We recall (Section 11) 
that the axis of such a g^^ro possesses the property of maintaining a constant di- 
rection in space, i.e., a constant direction relative to any star and, consequent^ 
-i ly, has a tendency while following that star to rise above the plane of the ho- 

-i rizon in the eastern half of the sky and to descend toward the horizon in the 

"■ western half of the sky. This is due to the rotation of the plane of the horizon 

j a brut t h e lin^ -mentioned in a previous footnote and to be- disous sed-ia- 

J more-detail in Section-22» 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R00Q50018Q017-5 





Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043RQQ0500180017-5 


;also against right-hand ridge; the pressiura of the jet will yield not only a compo- 
. nent directed along the tangent to the ria of the rotor, imparting to it a rotation- 
about the axis AB, but also a component perpendicular to the ridge. This component 
’tends to rotate the entire instrument about the vertical axis of rotation zz of the 
outer frame (counterclockwise). Tne pressure component of the jet, normal to the 






^Ifl 


ig transmitted to the axis AB of the rotor, and may be replaced by a force 
^^quivalent to it (which we shall term F), applied at any point of the axis AB (e.g.,; 
= the point B) and directed horizontally and normal to the axis An. We Know that i 
a horizontal force must lead to a precession of the gyro axis in the vertical 
-^__jplane. By applying the known rule of precession to the force F and allowing for the 

^ bf TOUti^ -pr the AB, imparted to lt~^ tli e ~ alr j rt » 

^ ^ »^B nee-4e-4ndioated~in~ Figs n!»7 -4U>d- kB by-airrows ) , it ie eat^ to demonstrate- the- 

I ■ 
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I precession of the rotor axis due to the pressure of the air jet on the right-hand 
I ridge will lower the B end and raise the A end of this axis. i.o.. will return it- to 

.r " 

] the horizontal position. 


_! In this way, the automatic restoration of the rotor axis to the plane of the ho- 
. rizon is ensured. UTien the rotor axis deflects from this plane in the opposite di- 
^ reel- ion, this deviation will in turn be counteracted by the pressure of the air jet 
;on the left-hand ridge, | 

An ideally constructed and perfectly regulated instrument of this design could I 
maintain its meridional direction, once given, for an indefinite period. However, 
the imperfections of the actual construction limit the period of accurate operation ' 
of the instrument. After a certain length of time, usually 15-20 min, the instru- 
ment deviates markedly from the direction of the meridian which was originally as- j 
then must be manually reset to the meridian, by comparing its read- 
_ings with the readings of a conventional laagnetic compass, Ihe instrument is consid- 
ered in satisfactory operating order if this deviation does not exceed 3° after 15 


r— 




According to I.T.Spirin, former navigator of the leader aircraft of the expedi- 
tion that left the I.D.Papanin group at the north Pole, the gyroscopic semi— compass 
is an irreplacable instrument for flights in the Arctic (Bibl.2), In the region of 
--the Pole, where magnetic compasses are useless, the navigator has only the gyroscopic 
- -semi-compasa at his disposition; its readings can be checked by astronomic and radio- 

physical methods. At a particularly careful adjustment of this instrument, its i*ead- 

1 i I 

can be used for a considerably longer period than indicated above (Bibl.3). ; 

— J The gyroscopic semi-ccMipaas of the above design was first constructed by the 

48— j ! 

— jfamous American gyro instrtaeent firm of Sperry; at present, it is widely used in USSR 
iviation. There are also other designs of the gyroscopic semi-compass, in which the 
astatic gyro with three degrees of freedom is also used as tura Isdicator. 

The German Anschuetz gyro compass differs from the above-described instrument In 
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that the i^otation of the gyro rotor is pr^uced by means of electric power instead 
2 — •< i 

J..pf by the pressure of an air jet. :Qie gyro rotor is built like the rotor- of an oleo- 

•' j 

i trie motor j the axis of the stator of this electric motor is mounted directly to the 

b.I... ^ I. .. _ 

inner ring of the instrument; the gyro rotor freely rotates about this axis. Ihe 

rotor in this instrument makes about 20,000 rpm. The instr^oment has no device for 
automatically aligning the gyro axis with the plane of the horizon. The accuracy of 
._j its readings is about the same as that of* the Spsrry type gyro compass. | 

The gyro compass of the British builder of gyroscopic instruments, Brown, is | 

considerably more accurate (Bibl.4). The high precision of this instrument is ex- : 

i 

. plained primarily by the replacement of conventional ball bearings with greatly im- j 
.proved bearings of special design. The gyro axis is automatically brought into the ? 
plane of the horizon, in this instrument, by an original device based on the reac— 
tion of an air jet produced by the rapid rotation of the gyro rotor, acting like a 
-rapidly rotating fan. The instrument was manufactured by Brewn in two models; the ; 

- lighter type for aircraft and the heavier for operation on a ship, in the fire-con- 
trol system of naval artillery. 


Section 18. Aircraft Turn Indicator 


The gyro compass allows the pilot to determine the course of the aircraft at any 
'instant: by following the readings of the gyro comrass for a cert^jji lenrth of tine. 
p---;he is able to determine v/hether the aircraft is flying in a straight line or is de- ; 
^ — jviating from this straight line in any direction, to one side or the other. There 
is another instrument used in aviation practice which directly measures the anguXar j 
-.velocity with which an aircraft is turning. One glance at this instrument is suffi-i 

H 

^ — 'ciept fnr pilot to detoTTdr.e, under ednditiens of blind flying, v.hctber the ai^- 

rv, craft is flying in a straight line or notj and not only this, but the instrument di-| 
_ rectly gives the rate of turn of the aircraft, if it is flying along the arc of a ( 
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J rotating gyro and is known as gyroscopic |;um indicator. 

In pur considerations of the technical applications of the gyroscope, up to-novc, 
we have been speaking of a gyro wj.th threjs degrees of freedom; its fundamental prop- 
J erty, namely the stability imparted to itj by rapid rotation, was the basis for the 
, j instruBients we have thus far conaidered. In the turn indicator, however, we meet a 
technical application of the gyroscope with two degrees of freedom. This instru- 
ment utilizes the remarkable property of a gyroscope with two degrees of freedom 
which becomes manifest when it is placed on a rotating base. 

In Section 12 we considered the question of the bqhavior of a gyro with two de- i 




Oirectica of 
flight 


/ 




Longitudinal axis 
of aircraft 


-'grees of freedom when placed on a rotating base. We saw there that the behavior of ; 

— such a gyro is determined by the rule which we termed Foucault's rule and which 

— i i 

— jstates that the axis of a gyro with two degrees of freedom, placed on a rotating 

— base, tends to corresponding parallelism with the axis of rotation of the base. We ! 

— recall here that two parallel axes of rotation are, by convention, teraed corre- | 
— ispondlngly rwrallel in the ceee when the rotation about these ares Is in one and the' 


^ Let us now imagine that a rapidly rotating with t wo degre es of freedom is 
Installed In the pilot's cabin (Fig. 49), llie axis of rotation of t he roto r of the 
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.. ! gyroscope P is attached to the frame a wh^ch, in turn, is free to rotate about the 

i XX axis, whose bearings are rigidly connejcted with the body of the instrument and,- 

; consequently, with the aircraft, Ttiis xxi axis runs horizontally along the longitu- 

j dinal axis of the aircraft; the axis of rotation of the gyro rotor, in the normal 

j'. J I 

position of the instrument, is likewise directed horizontally, but perpendicular to 

' the longitudinal axis of the aircraft. To the xx axis of the frame a the indicator j 

, b is rigidly attached which, in the normal position of the instrument, points in a | 

vertical direction; this indicator is connected vdth the helical spring c whose oth-| 

er end is attached, at the point fl, to the body of the instrument. It is obvious 



Fig. 50 

-that, in this case, the gyre has two degrees of freedem, one of v.^hich corresponds to' 
‘— the proper rotation of the rotor and the other to the rotation of the frame a about 

^ the XX axis. The proper rotation of the rotor is maintained in this instrument by 

imeans of an air jet, on the same principle as that used in the gyro compass. 

Let us assume that the aircraft makes a turn to the left; for simplicity, we | 
'also assume that this turn is accomplished without banking (in rt^lity every correct 
“turn of an aircraft is accompanied by a bank; in a turn to the left, the left wing 
- r i a e s ■ and-tfa g-rit^-win g - d i p s )? "fader "bhege - condittonw," the aiiscraft^lliTfd* iShga? " j 


60 


-jin ‘ pur e tranelat ional-^wtiony eince- iVacquires simuitaneouely a rotary motion 

7)2 





■STAT 
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\ the horizontal platie, i,e.; about a vertical axis. The angular velocity of this 
rotary motion of the aircraft is hi^er Uie sharper the turn made by the aircraft. - 
Our gyro, installed on the aircraft, is in the position of a gj’TO placed on a 


rotatir." base. Since the 


has tv-o decrees of freednia. the prooerties discuss 


’ in Section 12, which we have Just recalled, must be manifested. According to Fou- j 
cault’s rule, the axis of rotation of a gyro rotor must show a tenaency to corre- 
sponding parallelism with the vertical axis of rotation j'j of the instrument base | 
(i.e., the aircraft itself) j (Fig. 50). 

Let us assume that the proper rotation of the gyro rotor is counterclockwise if , 
viewed from the A end of its axis, as shown by the curved arrow in Fig.49« The ro- ; 

tat ion of the aircraft about the vertical axis yy, 'ivhen it niakes a left turn, like- ; 

wise appears to be counterclockwise, if the airplane is vievi'ed from above, /^ccord- ; 
ing to Foucault’s rule, the axis of the gyro rotor will tend to coincide with the 
vertical axis yy of rotation of the aircraft. Consequently, the axis of rotation of 

the g^ro vail turn, together with the frame a, about the xx axis in its effort to 

coincide with the vertical axis yy, and this rotation of the rotor axis vd.ll take 
place in a sense such that when it is completed, after coincidence of the rotor axis 
with the vertical axis yy,the proper rotation of the rotor will agree in sense with; 
the rotation of the aircraft (i.e., will be counterclockwise if viewed from above). 
This means that the rotor axis -will rise at its A end jJid will drop at its opposite ' 
end (Fig. 50). 

However, vrhen the frame a rotates about the xx axis, the pointer b, connected 


- v/ith the frame a, 


about the same axis through t-ne same angle. The point- 


Her b will now exert traction on the helical spring connecting it vd.th the fixed j 
point B. To this tension the helical spr^g vdll oppose resistance; for this reason’, 
— ithe rotor axis vd.ll be unable to turn together vd.th the frame a through a full 90®, 
^^"“and will be unable to coincide vdLth the vertical axis yy; r^her, thi s axis vdll 

together with the frame throu^ an angle tp (Fig, 5 0) s uch that th e re sil ience 
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_ of the helical spring will be in equilibrium vdth the force tending to rotate the 
.1 axis of the rotor to its coincidence with; the vt.i'tical axis yy. 

Tlie sharper the turn made by the aircraft, the higher will be the angular veloc- 
ity of its turn and the greater will be the force tending to .bring the rotor axis of 
. the gyroscope closer to the vertical axis of rotation of the aircraft yyj Consequent- 
ly, the greater will be the angle q: through vdiich the frame a is rotated together | 
with the pointer b. * ] 

The instrument is placed in the pilot's cabin on the instrument panel before him. 
When looking at the instrument in the direction of flight, the pilot (if the air- 
craft is turning to the left) will see the pointer b deviate from its normal verti- 
cal position toward the left through the angle cp (Fig. 50), which angle vdll be 
larger, the greater the angular velocity of the turn. In rectilinear flight, the 
- pointer b remains in its neutral vertical position. It is easy to demonstrate that, 
during a right turn of the aircraft, the pointer ’will deviate from its neutral posi- 
tion toward the right. 

Thus, the turn indicator makes it possible for the pilot to deterimine, under in- 
strument flying conditions, wiether the aircraft is flying in a straight line or is 
turning in some direction or other. The sense of deflection of the pointer b from 
its neutral position indicates the sense of the aircraft turn; the magnitude of this 
•deviation oermits estLmating the magnitude of the angular velocity of t’om by the 



To avoid complicating the discussion, we have assumed that the turn of the air- 
craft takes place without a banking. A bank which, in reality, always accompanies a; 

--turn of the aircraft, introduces no substantial modifications in the operating con- 
48 — i ! 

“'dltlons of the turn indicator. 

50_j 

cj : 

' -^ ^ction 19 . !Ihe terroscope Monorail Car 

ka'1 . J 


The first years of the TWeirbieth Century were an era when various technical ap- j 
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- j plications of the g/ro first became widespread and won general recognition. In 
i these years, for the first time, a gyro compass suitable for shipboard use was de^ . 

4 ..J : 

I vslcped vfhich since then has taken fim hold in the navies of the entire world. 

these same years, inventive thought centered on using the gyroscope for stabili- 
zation purposes. 

The term gyroscopic stabilizers means devices having a double function. Used 
, systems which are inherently stable but are free to oscillate about their equilib- j 
rium positions, stabilizers have the function of damping the oscillations excited in 
, the system by some factor. Here the gyro stabilizer appears in the role of an oscil- 
lation damper of the system. Such a stabilizer may also be used in a system which 
is not inherently stable. In such a case, the gyro stabilizer has the function of 
imparting stability to a system which in itself is unstable. Ihe simplest example 
of such a case of gyroscopic stabilization is the simple top which is inherently un- 
stable and only becomes stable in rapid rotation. In the present Section, this case 
of gyroscopic stabilization will be discussed in more detail. 

At beginning of the Twentieth Century attempts were nfade in various coun- 
tries to design a monorail gyro-stabilised railroad. Up to that time, the bicycle 
- had found wide use everywhere as an extremely convenient and economical means of 
- , transportation. Ihe bicycle, invented in the Nineteenth Century, is per se unsUble; 
--<it is artificially stabilized during a sufficiently rapid motion. It is well known 
,to everyone that- with a certain amount of practice, the riding of a bicycle in- 
-- .,volves no particular dlfficultyj in motion, even at moderate speed, the stability of 
Jthe bicycle remains entirely adequate. 

How can this, at first glance surprising, stability of the bicycle when con- 
^ -Jtrolled by a sufficiently skilled rider, be explained? Does this case constitute ' 
of gyroscopic stabilization? That is, is it a question of stability i*- 
rapidly rot ating masssn, in this particular case,^ the two rapidly ro- i 



lirtjeols of the biqycle? This question mist be answered in the negative. We J 
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J do not have to do with the stabilizing action of the rotating wheels of the bicycle. | 

J.Those of our readers who are ..ble to ride:a bicycle are well aware that the stabil-^-j 

n ity of the bicycle is maintained by the rider by means of slight motions of the j 

.. handlebars. When the rider notices that the bicycle is beginning to deviate to the | 

: ri^t, he immediately turns the handlebars slightly bo the right and thereby forces | 

* i 

"Uhe bicycle to move not along a straight line but along a curved one, whose center ; 

of curvature is on the right. Bie motion=of the bicycle along the curved line in- ^ 

stantly causes the appeai^ce of a centrifugal force directed from the center of 

1 curvature, i.e., from right to left; this force, directed to’ward the left, is what 

then corrects the position of the bicycle that had begun bo deviate to the right. 

On the other hand, when the bicycle deviates to the left, it is sufficient to bum 

the handlebar slightly oo the left in order to cause an instant generation of a 

centrifugal force directed to the right, which then corrects the position of the 

bicycle. In this way the bicycle moves, not strictly along a straight line but a- 

long a slightly sinuous line, deviating from a rectilinear path, now to the right 

and now to the left, .ilth a little practice, the turns of the hancleoar necessary 

for mintaining stability are executed by the rider instinctively and automatically 

-without participation of his conscious will. It is in acquiring the automatic habit 

-- of these motions that the mastery of the art of bicycle-riding consists*. 

Of course, this principle of stabilization of a bicycle cannot 'oe employed to 

-—impart stability to the car of a nonorail railroad. The rail on which such a 

--- readers acquainted -.iltt the principle of theoretical mechanics, of course, be- 

— ‘ ware of the fact that this explanation of the sUbility of a bicycle (first given 

3— J 

by Bankine) is based on the '’method of kineto-statics** icnown in mechanics, which 
reduces the problea of aotion of any system to the problem of its equilibriiia ty . 
introduction of so-called forces of inertia, to -rtiich centrifug al fo rce also j 




Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R00Q500180017-5 





Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043RQ00500180017-5 





fixes the path of the car in advance and deprives the car of the freedom in 
ianj way to make any deviations whatever from its path; yet the possibility of such.- 
^ J deviations is substantially necessary, as we have seen, for application of the prin- 

_jciple on which a bicycle is stabilized. j 

-j However, it should be possible to stabilize a monorail car by a purely gyro- '' 
scopic method, namely by installing a rapidly rotating and ix)werful gyroscope in the; 
— car. First, it must be determined whether this object can be reached by fixing the ? 




of rotation of a rapidly rotating and powerful rotor in a constant position 
‘“--^ith respect to the body of the car, e.g., as shown in Fig. 51. The reader who has 
» ‘Attentively followed our discussions in Chapter 1 will doubt this. The gyroscope 
“^depicted in Fig, 51 has only twor degrees of freedom (corresponding to its proper rota* 
rotation together with the car body about the rail axis), while the ! 
of three degrees of freedom is necessary for stability of the gyroscope. 

^2 

matter how rapidly the rotor rotates, with an arrangement corresponding to that j 
nrFlg.Jl, thl8 fsutioa tdU-noriacmrel®.' »Ubmt 7 W tb~QS“6liSSEiiFl 
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In order to render the car etablp, the set-up of the stabilizer must be 
:: ? 

modified by giving the gyroscope its missing third degree of freedom. Let us assume 

, j the axis of the rotor to be attached in t|ie frame a, which itself is free to rotate 

about the axis BC, located transversely ih the car body (Fig. 52). Here the gyro- 

. scope already has three degrees of freedom (corresponding to its own proper rotation, 

i ' ' 

rotation together with the frame A about the axis BC, and rotation together with the 

i U ■■ \ 

, f car body about the rail axis) . ' | 

It is easy to see that the scheme shown in Fig. 52 is sufficiently close to the ■ 
scheme of the gyroscope in Cardanic suspension with three degrees of freedom; the 
frame A here plays the role of the inner ring of the suspension, while the car body j 
plays the role of the outer ring. Of course, it is impossible to speak here of an I 
astatic gyro or to apply to the scheme of Fig. 52 the reasoning as to the stability i 
of the gyro discussed in Section 7. 

Let us assume that the car of a monorail railroad is equipped with a gyroscope 
of the type shown in Fig, 52 and that, in the normal position of the car, the axis of 
the gyro rotor is directed vertically. Let us assume that the car is not in trans- 
late ry motion along the rail but that the rotor is maintained in a state of rapid 
rotation (e.g., clockwise, if viewed from above, as shown in Fig, 52). Let us now 
assume that the car begins to tilt to tho right, threatening to lose its equilibrium 
- and tip over to the right. How can the gyroscope keep the car from falling? 

It will be demonstrated below that the gyro performs this function if we are 
^ - able, in some way or other, to impart to its frame A a sharp rotary motion about thd 
^ — 'transverse axis BC, in a counterclockwise sense if viewed from the right (Fig, 53). 

— jNow let us analyze what forces will act in this case, on the car body, exerted by the 

*1 5 — j 

-- gyro frame. ' 

jU 

52 Z rotation of the frame A about the axis BC corresponds to the precessional 

rotation of the gyr o axis about the axis ikl. Any precessional ro tation of the gyro 
^^-^a xis, however, asjwe hav e see n in Sect ion 5, assumes ^ existence of^ cej^ln 
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I couple of forces applied to the gyro axis!, causing the precession of the gyro. | 

I These forces can be apf^ied to the gyro axis at the point where it makes contact j 

; "i ; I 

I with external bodies, i.e,, the supporting bearings attached to the frame A; this ia| 

; nothing other tiBn the reaction of the bearing applied to the ends of the gyro axis. | 

To determine the direction of these forces, the rule of precession formulated in | 

; Section 6 can be used. By imparting to the frame A a rotation in the indicated sen^e 

, about the axis BC, the points of the gyro- axis will be given a displacement normal j 

to the plane of the frame j in thisj 

case, the upper end of the gyro 

X ^ axis will be displaced toward the i 

\ reader, and the lower end away 

/ ^ ^ reader; the directions of 

/ • these displacements are indicated 

^ Fig. 53 by broken arrows. Ey 
/ rotating these arrows about the 

^ >✓ gyro axis through 90° in a direc- 

tion opposite to that of the prop- 
er rotation of the gyro rotor, the 

Fig. 53 

direction of the ferces applied to ! 
the ends of the gyro axis by their bearings can be defined. These forces are indi- ^ 

. cated in Fig. 53 by the solid arrows. 

However, action equals reaction. If the ends of the gyro axis are subjected to 
-the above forces, exerted by the bearings supporting these axes, then forces of the ’ 

- isame magnitude but opposite in direction must be exerted on these bearings by the ! 

^ I 

axis; in Fig. 53 the forces applied tq the be<»riri£,s by the gy'ro uxis, i.e,, the 
^^■^orces with which the gyro axis presses on its bearings are indicated by the solid | 
Hdouble-headed arrows. Through the frame A, these forces are transmitted to the i 


bearings supporting the ends of the axis BC and attached to the car body. 


. In this 
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notions toward one slds or the other neceesary to restore equilibrium. Of course, i 
these preoessional motions of the gyro frame must be entirely automatic in operation^. 
The entire difficulty rests in the design of the corresponding automatic device. J 
■is mentioned before, at the beginning of the Twentieth Century this problem 
attracted the attention of inventors in various countries. The solutions proposed : 
by them differ in the design of the automatic device for effecting the necessary 

precessional motions of the gyro 
frame. The first design for a 
monorail gyroscopic railroad ap- 
peared in England. It ivas invent- 
ed by Brennan. The photograph in 
Fig. 54 shows a small model of the 
Brennan monorail gyro-stabilized 
car, maintaining its stable equi- 
librium on a stretched wire; the same car, able to carry up to 40 rjassengers and used 
for trans:x)rting the visitors to exposition over the fair grounds, is sho^Ti in 
another photograph in Fig. 55. The Brennan invention, however, failed to :>ass t,he 
experimental stage and was never utilized in practice for corjnercial purposes. Sim- 
ilar attempts in Sermany and the USSR, where an experimental monorail line of a 
gj-ro- stabilized railroad from Lenigrad to Gatchina was planned at the beginning of 
the 1920' s, likewise ended in failure. 

Section 20. Stability of a Rotating Projectil e in Flight 

In concluding this Chapter, an interesting application of the laws of gyroscopic. 

phenomena to warfare will be discussed. Since the time when spherical projectiles 

— iln rifle and artillery practice were replaced by projectiles of elongated shape, it 
"became clear that, in order to increase the accuracy of fire, such projectiles had — i 
"io be given sUbility in flight; for this purpose, it became necessary to give them | 
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a rapid rotation about their longitudinal axis. This led to the introduction of the] 
rifled weapon in both infantry and artillery, Ihe ball or projectile leaving a bar*! 
rel with a helical rifling receives a rapid spin about its longitudinal axis and 
thereby acquires all the properties of a rapidly rotating gyro. Let us see how the \ 
laws of known gyroscopic phenomena are manifested in the flight of an elongated pro-! 


If the flight of a rotating projectile would take place in an airless space (or ! 
if the flight of the projectile would take place in the stratosphere at a height of i 
20 km or more, where the density of the air is very low)*, then a rotating projec- 



tile, owing to its gyroscopic properties, could be compared to am astatic gyro with 
three degrees of freedom. Indeed, the only force acting on the projectile during 
its flight in this case would be the force of gravity which, applied at the center 
of gravity of the projectile, would affect the translatory motion of the projectile, 
but would exert no influence on its rotary motion about its center of gravity; the 
rotation of the projectile aoout its center oi gravity would take place in ail re- 
spects exactly as though the center of gravity of the projectile were rigidly fixed 
and no forces whatever were applied to the projectile. In this case, the rotating 
iprojectile would acquire the fundamental property of the astatic gyro with three 


j * An artillery projectile actually rises to such an altitude In very long-range 
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degrees of freedom, namely its power to naintain a constant direction of its axis ofj 
rotation. It is easy to show that, in this case, the direction of the longitudinal J 
axis of the projectile could not coincide, throughout the entire time of flight, 
with the direction of the translatory motion of the projectile (Fig. 56). 

Jlie situation is different in the fli^t of a rotating projectile through the 
air. In its motion through the atmosphere, the projectile is given the remarkable 
property of always flying with its head section forward (Fig. 57). This is what is • 




responsible for the high accuracy of fire from a rifled weapon. It now remains to 
show that this property of a rotating projectile is a consequence of the resistance 
of the air encountered by the projectile in its flight through the atmosphere. 

Let us consider the conditions of flight of a projectile through the atmosphere. 

To interpret the power of resistance of the air acting on a flying projectile, 
let us assume at first that the air stream flows around a projectile immovably' fixed 
in its path (wind-tunnel experiments in aerodynamics laboratories are staged in this 
way). Figure 5d shows a model of a projectile placed in an air stream. The air 
flowing around this model produces, at various points of its surface, pressures that 
are compounded into a single resultant R which is termed the force of resistance of 
the air acting on tne projectile model. If the longitudinal axis of tne projectile 
jis exactly directed against the air streaa, the direction of the resistance force R , 

with the direction of | 

jthe lo ngitu dinal the projectile. However, if the longitudinal axis of the j 


Xi 
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projectile deviates some^^at from the direction of the air stream, then, as shown | 
by research, the direction of the force R. likewise deviates from this direction; in | 
this case, the line of action of the force R intersects the longitudinal axis of thej 
projectile in its front section, i.e., in front of the center of gravity of the pro-j 
jectile (Fig. 53; here the center of gravity of the projectile R is denoted by c.g.).| 
The same distribution of aerodynamic forces takes place in the flight of a projectile 

through a quiet atmosphere. ! 

Let us imagine that the follow- 

^ ^ . ing experiment is staged in an 

jp ’ ' < 1 ' '■ aerodynamic laboratory: ^ model of 

yP an elongated projectile is placed 

in an air stream in such a way 
^ that the center of gravity of the 

model cannot be displaced, but that 

Fig . 53 the model is free to rotate about 

its center of gravity. V/e assume further that the model of the projectile is given 
no rotary motion about its longitudinal axis. It is clear that, if the longitudinal 
axis of the projectile fonns a certain angle a with the direction of the air stream 
(Fig.5S), then the action of the force of air resistance will cause the model to ro- 


sition of the model relative to the angle a -0 will be unstable. 
Thus, under the action of the air resistance, the elongated body ^ 


nro jectile 


placed in an d.ir stream has a tendency to deviate with its longitudinal axis from 
— ;the direction of the air stream in the sense of increasing angles a . For this 
'same reason, a lionrot-uiiig elongated yrojeceile, in its ilignt i-nrough a quiet atmos- 


sphere, proves to be unstable Ln flight. 'Rience the tendency of such projectiles to 

overturn and somersault in flight, which strongly reduces the accuracy of fire with ! 

» i 

. “Isuch projectiles. j 
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lieturning to our exoeriinent in the aerodyrjamics laboratory, now -lissimie that 
the model of the projectile placed in theiuir stream is given u rapid rotation aboutj 
its longitudinal axis, which roUtion is clockwise if viewed from the tail section | 
of the model (i'’ig.o9)j dssume v%gain that the longitudinal axis of the model fonnsj 
a certain angle cjC with the direction of the air stream. The rapid rotation will 
now impart to our model the properties of a rapidly rotating g;^'roscope. The action 
of the air resistance R can then be found- from the loiown rule of precession. ‘ 

Troceeding as in Section o, we now resolve the force R into two components R^ 
and of which the latter is directed along the longitudinal axis of the model and 



the former is normal to that avis. The component R is b-alanced by the reaction of 

2 

the fi::od center of gravity of the model, '..hile the eomp'onent R- rev causes '-r®- 

- cession of the longitudinal axis of the model. In order to determine the direction 

'-1 

--•iof this precession, let us rotate the direction of the force through 90° about 
— the longitudinal axis of the model in the sense of rotation of the model. We shall 
._~"aee that the longitudinal axis of our model will "deflect” toward the observer, dis- 
placing its front end in a direction normal to the plane of the dravrlng in Fig, 59. 
^.”When the force acts continuously, the longitudinal axis will rotate about the 
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dlrectioii of the air stream, describing a cone .rlth its vertex at the immovable cen-j 
I ter of gravity of the model (Fi.,59) and Kill preserve the angle formed .ith tile, j 
: direction of the stream. If at the beginning of our experiment this angle was small, 
_ the longitudinal axis of the rotating model of the projectile will remain close to ’: 
.the direction of the stream during the entire experiment, and will rotate with a I 
conical motion about this direction. We shall see that the model of the rotating 
, projectile, placed in an air stream, loses its tendency to deviate with its longitu-* 
ainal axis from the direction of the streamy conversely, if it is placed with its 

vertex facing the air stream, it 
acquire the ability of 
^ maintaining a direction close to 

^ the direction of the stream, by 

j/_ describing around it a cone with 

a small angle of divergence. 

Pi. ^ So 

US now define the behavior 

of a rotating projectile In Its flight through a quiet atmosphere. 

In flying through a quiescent air medium, the relative air flow will circulate 
. around the projectile, moving in a direction diametrically opposite to the motion of 
the projectile, i.e., in the direction of the tangent to its trajectory. ,Jhen the 
projectile loaves the lx.rrel of the wea.oon, the direction of motion of the projeo- 
- tile, and likewise the direction of its longitudinal axis about which the rotation 
' O..iuciclo «ith the direolsioa Oi iwne txxis 01 cne gun barrel, baring 

^^the subsequent -flight of the projectile, the direction of its motion ^dually va- 
.^-iries, the tangent to its trajectory gradually drops (Fig.60) and, consequently, the ; 
.^--direction of the countercurrent of air flowing around the projectile varies gradu- 
^..-■ally. If the flight of the projectile took place in a vacuum - or in the strato- 

of the proj^tlle,. as.8tat^boye. J 
ssd^^^^^i^^s.dirscuon in spec, i.e., would be displaced while al^^J 
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i remaining jamilel to Ita original direction (of. Fig. 56). In t.he flight of a pro- 
Uctile throngh the air. however, the air resietauce becomes effectivej under its 
Lotion, the routing p«)ectlle (as shown above) acvalres the ability of stably main.. 
...taining its longitudinal axis of rotation in a direction close to whe direction of 
Jthe relative air stream or, what is the same thing, to the direction of motion of th(. 
'projectile. In this way, under the .ction of the air resistance, the rotating pro- | 
jectile will actually acquire the ability of moving always with its nose section fac| 
ing forward (of. Fig. 57), thus ensuring accuracy of fire with rotating projectiles. 

The longitudinal axis of rotation of the projectile acquires the abiUty, so to 
speak, of ••following" the direction of its motion, i.e., following the direction of , 

a tangent to its trajectory. 
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GHAP'rER III 


THE GYRO COMPASS 


Section 21. Foucault’s Qri.^dnal Concept 


One of the most remarkable technical applications of the gyroscope is the gyro 
compass, widely used in the navies of the entire world. The original idea of using 
a gyroscope for a purely mechanical nonmagnetic compass was developed by Foucault as 
long ago as 1852. We mentioned above that, toward the end of the Nineteenth Century, 
the replacement of the magnetic compass by the mechanical compass on warships became 
nu?ndatory, since proper functioning of an ordinary magnetic compass on a steel ship 
is practically impossible, owing to the various perturbations of the magnetic com- 
pass by the large iron masses on the ship and by the various electromagnetic influ- 
ences exerted on the magnetic compass by the complex electrical equipment of a war- 
ship. Let us first analyze the essential nature of Foucault's original concept. 

The earth is an immense magnet whose poles are located near the geographic 
poles of the earth. The magnetic field surrounding the earth acts on the asagnetic 
needle placed in this field and alig n s this needle witu the direction of uhe mag— 

- netic meridian. This constitutes the operating principle of a magnetic compass. 

However, it is known that the earth possesses another property: It rotates with 
-—ja diurnal rotation about an axis (this axis is termed the celestial axis) passing 
H through its geographic poles (the north N and the south 3); the diurnal roUtion of j 

~ it Is viewed from the hbrtherh end of th"e celestial 

It- would be poeeibl^ to utilise the fact of the diurnal rotation-ef- 





Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-Q1043RQ0Q50018Q017-5 







Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-Q1043RQQ050018QQ17-5 



the earth to devise a purely mechanical compass if we had a mechanical system as | 

I 

sensitive to the rotation of the base of this system as the magnetic needle is sen- j 
sitive to terrestrial magnetism. | 

Foucault's experiment showed that a rapidly rotating gyro with two degrees of j 
freedom is such a mechanical system; we know that such a gyro placed on a rotating I 

base, reacts to the rotation of the base by having its axis tend to assume a posi- 
tion parallel to the axis of rotation of the base (according to the well-known Fou- ' 

cault's rule). This gives a possibility of utilizing the gyro with two degrees of ' 

freedom as a mechanical compass. 

I Let us imagine a gyro with 

I 

Cl!) two degrees of freedom (Fig. 62). 

! The axis of rotation of the rotor 

AB is attached to the frame a, 


which itself may rotate about the 
vertical axis xx. In all positions 
of the instrument, the axis AB re- 
mains horizontal. The proper ro- 


tation of the rotor is assumed to 




be counterclockwise when viewed by 
Hn observer fr''-r; the A end ''f the 
axis AB (Fig.o2). 


Let us imagine the earth, and 

Fig.oi 

let us take some point M on its 
-surface (Fig. 63). Draw the earth's radius OM through this point; the extension Mz 


r-diu3 Oi: will give 


roCoJLOli Ox uiib 'il&rUxCflkjL at wiid puxXiw 


qwhile the plane H, perpendicular to the vertical Hz, is the horizontal plane at the 
Hpoint M, Let us also draw the straight line ns, along »rfiich the horizontal plane H 
“intersects the plane of the meridian HK passing through the |X>int M; this straight 


% 
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— j 


line is termed the meridian at the point K. 

Assume that the gyro with two degrees of freedom, represented in Fig. 62, ia 


placed on the horizontal plane H in such a way 


that the axis of rotation of the 


frame A is located along the vertical Mz (Fig,63). Bearing in mind the diurnal ro- | 
tation of the earth about the axis of the earth yy, we see that we here have to do | 
with a gyroscope located on a rotajbing base. 

According to Foucault’s rule, our gyroscope with two degrees of freedom reacts | 

to the rotation of the earth about its 
jr axis, by atteapting to assume a cor- 

I 

I responding parallelism with the axis i 

3 |[ ^ 

I ' of the earth. However, the gyro axis 

^ Afl cannot become parallel to the axis j 

of the earth, since it must remain par- 
allel to the horizontal plane H. 

— j Under these conditions, the gyro axis 

.|L tends to approach as closely as jxjs- 


I slble the direction of the earth's ax- 

i 

I > 

X is and strives to establish itself in 

the same direction in the horizontal 
Fig. 62 plane which is closest to the direc- 

tion of the earth's axis. In the horizontal plane, the direction closest to the 
direction of the earth's axis is the direction of the meridian ns. For this reason,' 
- in reacting to the diurnal rotation of the earth, the gyro axis AB is established ir:i 
“ia direction, to be denoted by N^S^, parallel to the meridian ns. In this case, the I 

— [A end of the axis AB will point north and the h end south, so that both rctcticns, 

50— -i 

— jthe proper rotation of the gyroscope itself and the diurnal rotation of the earth, 

5?.-| I 

^ "~!are directed in one and the same sense, counter do dcvrilse if viewed from the north* j 


Thus, in reacting to the diurnal rotation of the earth, our gsro with two de^ 
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grcss of freedom actually docs acquire properties analogous to the properties of the 
magnetic needle j the gyro axis is set along the meridian (of course the geographic,: 
not the magnetic meridianl), one of its ends indicating north and the other south. : 
It follows from this that the gyro with two degrees of freedom, of the design we 
have just described, actually may be utilized as a mechanical compass. 

Our readers must be warned, however, that if any one should wish to verify the 
above statements by direct experiment with the instr\ment shown in Fig, 62, he would * 



suffer a bitter disappointment. On putting the gyroscope rotor into rapid rotation 
and placing the inatnawnt on the horizontal plane of a table, the instrument (in 
- contrast to what we have just said) is unable to react to the diurnal rotation of the 
Tug gyro «ods is uoi aligned wita lae oirectioa oi uae meridian but reiauiiiS 
— [in the saii^ position in which it is placed by the experimenter. The cause for the 
“"■failure of this experijerat is very simple. It is due to the extremely aaall value j 


^ .—pf the angular velocity of the diurnal rotation of the earth. For, you soej, tl^ 
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I earth performs only a sir^gle diurnal i^iation every 24 hours i With such an insignixf- 

! 

leant value of the angular velocity of this rotation of the base of our instrument, • 
j the forces which would rotate the gyro and with the direction of the 


_ ; meridian also remain negligible. These insignificant forces cannot overcome the | 

; J I 

. ; resistance of friction at the axis of rotation of the frame A of the instrument. I 

This is why the gyroscope remains immobile and, apparently, insensitive to the diur-i 
. nal rotation of the earth. I 

It follows from this that the extreme slowness of the diurnal rotation of the 
earth was one of the difficulties that stood in the way of creating the gyro compass, 
.in instrument sensitive to so insignificant a factor as the angular velocity of the 
. diurnal rotation of the earth would have to be very perfect, and in particular, the ' 
friction on its axis of rotation would have to be reduced to the lowest possible 
minimum. The level at which technology stood in the time of Foucault made the reali- 
zation of his idea impossible at the time* 'I^e subsequent progress of technology has 
removed many of the difficulties that previously were insurmountable; however, there 
was still another and more serious difficulty which confronted the designer of the 
mechanical compass. 

we speak of a mechanical compass, we primarily have in mind a seagoing com- 
pass, i.e., a compass that must operate on shipboard, Ttie floating ship, of course, 
p^Lrticipates ■'n the diurnal rotation of the c«.rth, but in audition i<o unis iu also 
^ - performs various other rotary motions. In its maneuvers, the ship makes turns to one 
-.side or the other; its rolling with the waves is likewise accompanied by the p-ener- 
^^ -^tion of various rotary motions of the ship's hull. In this case, the angular veloci 
these rotary motions (turns, rolls,) are many times as great as the insignif- 
Leant value of Lae angular velocity of the, diurnal rotation of the earth. 

In order to operate properly, a mechanical compass on a ship must react to the 
S4*I a ngula r rotation of the earth, and a t th e same 

^ ~»ime mist be insensitive to the far more considerable angular velocities of the othea * 
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Jrotarj motions of the ship. How can such; an instrument be built? at first glance 
'i.the problem seems insoluble. In the following Sections we will discuss the manner 
' iin v^hich the problem was solved in modem ; designs of the gyro compass. 

_ i Section 22 , Rotation of the Plane of the Hori zon About the Vertical ar^ 

About the Meridian. i 

' ' j 

; Let us first discuss one question which we mentioned briefly in the preceding ; 
pages, namely, that of the rotation of thC plane of the horizon about the vertical ; 

and about the meridian. This phenomenon is 
a direct consequence of the diurnal rotation; 

I of the earth, 

bet us imagine the earth again, and let . 
point M on the earth's surface 

I \ (Fig. 64). At this point, we mark the verti-l 

I \ Call sjid the horizontal plane H, on which i 

* latter we mark the meridian us. As a result 

> I of the diurnal rotation of the earth, each 

^ terrestrial meridian rotates through an an— 

Fig, 64 gle of = 15° every hour about the axis 

r- : * 24. 

of the eokrthi e«k,ch point of the e.Jkrth’5 surrace is uispl«».ced «».j.ong uie «*rc 01 a pai>- 

- allel of latitude. During the small time interval x , the meridian at the point M 
--rotates through the small angle <p , the point M is displaced to the position 
—'while the vertical HV and the plane of the horizon H are displaced, together with tlk 

— point M, to the positions MV, and H,, respectively. 

48 — 1 1 i 

The displacement of the plane of the horizon H can be imagined as consisting of 
50 — : 

two componente* l.)the displaceiftent of the plane H together with the point M, not ; 

accompanied by its rotation, and 2)the rotation of the plane H about the point M, 

-The first component of the displacement of the plane of ^ 

■ * ' — — ^ 
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% 


: to U3, since the gyro placed on the horizontal plane H in no way reacts to a dis- 
placement of the plane of the horizon, not accompanied by a rotationj it is sensi- ; 
tive only to the rotary motion of the base, 

lliis gives us the right, in oiir subsequent discussion, to disregard the displacet- 
ment of the point M and to limit ourselves to considering the rotation of the plane 
of the horizon about the point M, Accordingly, let us draw through the point M a 

straight line yy parallel to the H axis, and 
{ let us consider that the rotation of the 

plane of the horizon H, the vertical M, and 

I ■ the meridian ns takes place .tbout the yy ax-^ 


I / is (Fig.65}. 

j / Let us follow the rotation of the verti- 

meridian ns during the time 
^ ATI j “Y • Earing this time, the earth rotates 

about the earth's axis through the angle ; 

I \ the vertical MV and the meridian ns also ro-- 

/ _\ * * tate thro’jgh the same angle about the axis yy. 

From the point M in the direction of the 

I 

CD vertical MV and of the meridian ns, lay off 

I 

y equal segments MA = MB (Fig.ti), and from the 

points A and B drop the perpendiculars AC 

and BD to the axis yy. In the time 7^ , the 

■' ; Fig.65 ^ 

- segments MA and MB, rotating about the axis | 

— lyy through the angle <p , will occupy the positions and MB^, while the triangles! 
'18—4 ' . ' I 

_ ~->IAC and MBD will occupy the positions MA^^C and Let us denote the angle BK5^ 

52^^^ f’l ?2* 

The displaeeaent of the segments MA and M^to t he pos itions and MB ^ (and at j 
^^'"'bhe same tijee the displacement tb« hori«ontal plane H fro m it s first peeitlnn 
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„|its second position) is accomplished hy a; rotation about the axis yy through the | 
Jungle /p . This same displacement can proceed by two successive rotations about -| 
1 the vertical and about the meridian. Let [us turn the plane Ai*iB about the line MA j 


^ through the angle <p after this rotation it will occupy the position Now 

j let us rotate it about the line through 

the angle P'i> after which the two segments 
^ ^ willj in their new positions, be 

• I 

and MB^. In this way, the rotation of j 
segment HA and HB about the yy axis ■ 

• through the angle (p is equivalent to two 

ItK j successive rotations about the-«ertical and i 

about the meridian through the angles <p ^ | 
^nd ^ , respectively, 

• ^r\*~ These two rotations are termed component! 




We have now resolved the diurnal rota~ 


and one about the meridian. 


tion about the axis of the earth into two 


component rotations, one about the vertical 


We note (this will be clear from Fig. 66) that to the observer looking from the ' 

- -northern end of the meridian, the rotation about it appears counterclockwise. As a 
— .result of this rotation of the horizon about the meridian, the heavenlj bodies appear 
:tc ascand ii» the celestial vault in the eastern half of the sky and to sink toward j 
--‘the horizon in the western half, 

48—1 I 

It is also easy to see from Fig. 66 that the rotation of the horizon about the * 

vertical will be counterclockwise (i.e., from right to left) for an observer looking 
.”“fx*om above^ i.e., from that part of the vertical idiich is turned toward the zenith. 


For thle. reason^ the hearmlj r bodies Ap pear tojis to be dis p l aced clockwise alony 
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J the celestial vault in its diurnal motionj (i.e., from left to right*), W 

Let us denote the angular velocity of i the diurnal rotation of the earth by the - 

...i symbol Ti and the angular velocities of the componeiits of the rotation about the i 

! vertical and about the meridian by fi ^ ind 0^ , respectively. To find the re- 

la t ion ship between the angular velocities, let us now turn again to Fig, 66. 

- -! I j 

Draw the segments and and note that, in view of the smallness of the f 

’ I j 

-jangle q; , these segments may be considered equal to the arcs of the circumferences | | 

with centers C, H, and D and with rcidii CA, MA, MB, and E6, Since an arc is equal to| i 

the product of the radius and the corresponding central angle, we may write: | 

; j I 

AAj_ = CA • = M • BB^ - DB • = MB • j j 


q Z-CA_ 

2 MA 


. On dividing these equations by t , and noting that 


2 X 


* The reservation must be made that what has just been 3<t.id about the direction of ' 
the rotation of the horizon about the vertical relates only to the northern hem- 
isphere, In fig. 64 we have assumed the point M to lie in the northern hemisphere, 
If we take the point M in the southern i hemisphere and repeat all our constructicns, 
then it is easy to convince ourselres that in the southern hemisphere the rotation 
of the horizon about the vertical is clockwise for an observer looking from above, 
At the equator, there is no rotation of the horizon about the vertical at all. 
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It is clear from Fig. 66 that the segments CA and DB are less than the segments 

= MB * a. Consequently, the quantities ~~ and -—are proper fractions. We . 

I MA MB 

! conclude that the angular velocities -Tt ^ and are less than the angular veloc- 
ity of the diurnal rotation of the earth. 

Let us denote the latitude of the point M on the earth's surface by the sym- i 
bol (Fig. 67). The angle formed by the direction of the earth's radius OK or by ^ 













the direction of the vertical M7 with the earth's axis SN is equal to 90^ - X . 

- -Let us reproduce the triangles MAC and >IBD (cf. Fig. 66) in Fig. 68. Since the direc- 
|tion of the segment JIA coincides v/ith the direction of the vertical MV, it iojJ.ows 
!that ^AMC = 90° - ^ and that, consequently, ^CAK = ^ . The sides of the 
angle IWB are perpendicular to the sides of the angle CAM; consequently, the angle 

— BMD also equals X • 

52~ 

Now, from the ri^t triangles MAC and MBD, we have: 


" UA ' ~ "MA — cos -X — ji' DB HB sin X 
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isr 

m 




I § = cos . ga = ain X 

Bj substituting these values of the quantities ^ and ^ in the foimulas for _ ._ 
■ n ^ and we find that 

1 

sin A , = n cos X 

In this way, the angular velocities of rotation of the plane of the horizon about 
the vertical and about the meridian are expressed in terms of the angular velocity 
of the diurnal rotation of the earth and in terms of the latitude of the place. 


Ihese formulas yield, for Leningrad: 


sin 60° = 0.866 Q and 0 


... cos 60° - 0,5 0 , which corresponds to a rotation of the horizon about the vertical 
' - ^ and about the meridian through 3i2° and 180° respectively, every 2. hours. i 

Se ction 23. Ihe Sperry Gyro Compass with Pendulum 

We already know that, theoretically speaking, a gyro with two degree! of freedom^ 
can be used as a mechanical indicator of the direction of the meridian, i.e., as a 
^ mechanical compass. However, the task of designing such an instrument proved to be 

designers of the instrument abandoned the thought of 
-..'. ..-;uaing a gyro with two degrees of freedom and used a gyro with three degrees of free- 

At first glance this seems surprising, since it is known that the astatic gyro 
■I l..^with three degrees of freedom is absolutely insensitive to the rotation of the base.’ 
!f_How could it thus be possible to use such,, gyro in an instrument which,by its very j 
IS^purpose, must react to the diurnal rotation of the earth? Of course, an astatic I 
gyro with three degrees of freedom is entirely free of any directional force turning 

5?^ the gyro «ie toward the merldiw. To ;«oduce such a force, . special device would 

nootooary to the 

56 gyr o in U^-a^fgpfo-oet^BB, — - - - - - 
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In the gyro compass of the famous HCieniCain builder of gyroscopic instruments, 
Sperry, who in 1911 built a marine instrument which proved to be entirely suitable ; 

^ for practical purposes, the idea of combining a gyro with an ordinary pendulum was ^ 
used. Let us consider the scheme of this instrument. 

The basic element of the instrument is a gyro of the type discussed above, in a | 
Cardanic suspension, with a vertically located axis of rotation ol the outer ring K 
(Fig. 69). The inner ring S is rigidly connected to the heavy arc Q, whose plane is ] 

perpendicular to the plane of the inner ring.; 
The arc Q, at the same time, represents the 
pendulum which in this instrument is combined 
with the gyro. This pendulum is able to 
swing (together with the inner ring S and thej 
^ gyro rotor) about the axis of rotation xx of 


the inner ring. It is found that such a sim- 
ple instrument is able to function as a gyro 
compass since the pendulum Q supplies its 
directional force. 

Low let us consider the behavior of the 





instrument, assuming that the gyro rotor is 
rotating about the axis AB, e.g., ccunterclockwise for an observer viewing it from 

— the A end of the axis A3 (as shown by the curved arrow in Fig. 69). Let us at first 

disregard the diurnal rotation of the earth, i.e., let us assume that the instrument 

—'is located on a fixed base, 

■H 

~ If the axis AB of the rotor is directed horizontally, the pendulum Q will be 

8— i : 

— vertical (Pig. 69) and in lt« equilibrium position, with the entire instrument remain 
O—j 

— in® constant in soace. If the rotor axis AB is moved from the horizontal position 
f2— I" ” 

"“by raising its A end and by lowering its B end (Fl g.70)> th en the pendulum Q will 


also be moved from its vertical equilibrium position. Under the action 
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weight, tl will tend Lo return to the verticui position, but to do this will disturb, 
its connection with the g/ro. aL the points A ^nd B, the systes of the penduluia and, 
the inner ring will exert pressure on the rotor ^xis of the gyro by the forces 
and F , tending to lower the a end and raise the B end of this axis (Fig, 70). i/liat ■ 
will be the result of the action of the forces F^ and F^ on Lhe lootion of the gyro ‘ 
axis? Remeaibering the rule of precession (Section o) and also what has been said in 

Section 10 on the orecession of thd 

{ gyro due to the application of con-: 

’ ! 

tinuously acting forces to its ax- 
is, we conclude that t-he gyro axis ; 
wid.1 precess, rotating about the 
vertical axis of rotation zz of thej 
outer ring, ^iccording to the rule ' 
of precession, let us rotate the 



directions of the forces 


and R, 


about the axis aB through 90° in 
the sense of rotation of the rotor; 
this will make it possible to find 


the direction of motion of the points A and B, .Tie will see that the nrecessional ro- 
tation of the gyro axis about the axis of rotation zz of the outer ring of the sus- 
pension Hall appear counterclockwise to an observer viewing the instrument from a- 


Pi 


— Bius, under the action of its own weight, the pendulum does not descend, out in- 

;6— j . ' 

— stead the whole instrument will rotate counterclockwise about the vertical. On the 

48—1 _ ' 

— other hand, if we lower the A end of the fotor axis and raise the B end, then the 
ou — 

— action of the force of gravity will cause the pendulum of the instrument to rotate 

52-] 

H clockwise about the vertical, 


Such is the behavior of the gyro with a pendulum on a fixed base. Let us now 
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I 


Jtake into account the diurnal rotation of I the earth and let us see how our instru- 
Ijnent will react to the diurnal rotation of the earth. 

; Let us assume that, at a certain point of the earth’s surface (in the northern 
j hemisphere), our instrument is placed in a horizontal plane and that the gyro axis 
I is brought into a horizontal position. We assume further that the gyro axis AB 
forms a certain angle cX- with the meridian ns, in such a way that the a end of the 
axis aB is east of the meridian line while the B end is west of it (Fig. 71; this ' 

drawing shows neither the rings of ; 
the gyro suspension nor the pendu- 


So long as the gyro AB rexriains i 
horizontal and, consequently, the j 
pendulum is vertical, the instru- 
ment has no tendency to vary its 
position in space. If the end A of 
the gyro axis is pointed at some 
star, it will stcibly maintain its 


direction toward that star. How- 



t 


L 


ever, as a result of the diurnal ro- 


oaulon Ox wAio 6— 


ward idiich the A end of the gyro axis is pointed (if it is on the horizon in the 
•eastern ha?_f of the celestial vault) will gradually begin to rise above the horizon.! 

I 

-jAt the same time, the A end of the gyro axis will also gradually rise above the ! 

—! plane of the horizon, and the opposite B end of the gyro axis will begin to sink be- 

“i i 

"ilow the plane of the horizon. In this way, as a result of the rotation of tne eartii^ 
Hthe gyro axis gradually leaves its horizorttal position by raising the A end and low*- 


ering the B end. At the saw* tine, the pendulum also leaves its vertical position; 


~~jwg have just seen that under the action of its force of gravity, the enti^ JLnstru- 
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ment in this case begins to rotate counterclockwise about the vertical (as shown by 
the curved arrows in Fig. 71), i*e., in the direction of decreasing angles or in 
the direction of approach of the gyro axis AB to the meridian ns. It is easy to 
show, by a similar argument, that the reverse rotation of the gyro axis about the 
vertical will take place as a result of the rotation of the earth in the case where ; 
the gyro axis Afl deviates with its A end to the west of the meridian and with its B 
end to the east of it (Fig. 72); in this case, the rotation of the earth communicate s’ 
to the instrument a tendency to rotate about the vertical, attempting to bring the 1 



— — £ 


gyro axis AB closer to the meridian ns. 

x'nus, in ail cases wnen tne gyro ajtis ao aevicites from tne meridian, tne instru- 
ment, reacting to the diurnal rotation of the earth, will acquire a tendency to ro- 
• -tate about the vertical and to place the axis AB along the meridian in such a way 
‘■^--that the A end of this axis points north and the opposite end points south (we recall 
'O-^hat we used the letter A to denote that end of the gyroscope axis from which the rof 

H ‘ ^ 

jtation of the rotor appeared counterclockwise. Fig. 69). 

As we see, the gyro with a pendulum of the above design actually can serve as 

54 i 

_ I mechanical indicator of the meridian, l/nder the influence of the diurnal rotation 
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I 


- of the earthj the axis of such a gyro acq^lires properties analogous to the propertieii 
-|of the magnetic needle (with ths difference, however, that the magnetic needle gives 

-I the direction of the magnetic mt.ldian, while the axis of our gyro is set along the 
geographic or true meridian). The combination of the above type of pendulum with a 

-jgyro having three degrees of freedom imparts to this gyro, under the influence of 

-i 

;the earth's rotation, a directional force and transforms it into a gyro compass. J 
..:The A end of the gyroscope axis AB, viewed from the point from which the proper ro- j 
tation of the rotor appears to be counterclockwise, may be termed the north end of 

I 

- the gyro comiHss axis, and the B end its south end. This is the principle of oper- i 

i * ! 

ation of the ^perry gyro compass with pendulum, 

; i 

- Section 24. Inclination of the Axis of a Gyro Compass in its Equilibrium Position , j 

V/e have just seen that, on deviation of the axis of the gyro compass from the 
meridian line, the influence of the earth's rotation generates a directional force 
tending to return that axis to the direction of the meridian. Let us now consider 


,more closely the equilibrium position occupied by the gyro compass when its axis is 
in fact directed along the meridian, 

. ; It is erroneous to believe that, once the axis of the gyro compass is aligned 

r horizontally with the direction of the meridian, it will remain invariantiy directed 


"■along the meridian. It must be taken into account that, as 


a result of the earth's 


.^-;rotation, the meridian itself will rotate, together with the plane of the horizon, 
^ ^ --about the vertical (counterclockwise in the northern hemisphere, clockwise in the 
“"jsouthem) with an angular velocity which we have denoted in Section 22 by 

J ^ 

^ order to have the gyro-compass axis remain invariantiy directed 


“along the meridian, the entire in.?tr*j2ient will have 


tatc counterclockwise abou 


52—^^® vortical (if we are in the northern hemisphere), with the same angular velocity 

54 Qti the other hand, we already knotf (cf. S ection 23 ) that our gyro acquires 

56 * preceseional rotation a^ut the yertlcaj, c ounterclrckid.ge if the gyroscope axis 

1 1 1 , ’ 
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its north end above the ^rje of the horizon (and clockwise if it is 
below plane)* It. folio ws.jfrom this that, in tha noid^hem-hexid^p^ 
the axis of the gyro compass will invari«|ntly maintain the direction of the meridiar 
^ 1 end is raised by a certain single (which we shall term over the 

plane of the horizon. If the north end of the gyro-compass axis is raised above the 
^ plane of the horizon by an angle greater [than 0 then the axis of the gyro com- 
~ _J pass will rotate counterclockwise about i^e vertical, with an angular velocity great - 
er than consequently, its north end will gradually depart from the meridian, 

deviating from it to the west. On the other hand, when the north end of the gyro 
com^Bsa is elevated above the plane of the horizon by an angle less than 0^, then 
the gyro-compass axis will depart in its 'grotation about the vertical from the merid- 
l! ian, and its north end will depart from the meridian and will deviate from it to the 
east. 

'nius, the axis of the gyro compass keeps the direction of the meridian constant 

‘ I' in the case in which it is directed in the plane of the meridian, and if its north j 
— , end is raised (in the northern hemisphere) above the plane of the horizon by the i 

Wangle 0 In the southern hemisphere, the north end of the gyro-compass axis, in 
its equilibrium position, is depressed by the corresponding angle below the plane oi 

the horizon. It is only on the equator that the axis of the gyro compass assumes a| 

^ . ' 

-- constant direction along the meridian v.-hen the of th., L'.oL. uiur.ii;. :.5 ua'. aor-j 

-yU : i 

— j izontal position. j 

I for the magnitude of the angle of tilt of the axis of the gyro compass in itr 

44_J 

—I equilibrium position, i.e., the angle 0., this angle is very small. The value of 
46_J [ 

— the angle 0 depends on the latitude of; the place j we have seen that, on the equa- 

48- o 

— tor the angle g is equal to zero. A more detailed calculation whose details 

50— j ' o 1 ^ , 

— will not be giv«i here, shows that at the; latitude of Lwaingrad (i.e, at Idt. X 

52*— 

60°) the angle 0 n ^ Speriy gyro minutes of arc 


i (about 8 minutss or degrees) . 


i 
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! Section 25. Undamped Qscillationa of the Axis of the Sperry Gyro Compass . 

■ We have just seen that the gyro-compass axis remains aligned with the meridian 
only in the case where it is given a corresponding inclination, by the angle ~ 

:to the plane of the horizon. How vdll the axis of a gyro compass behave if it is 
! directed in the plane of the meridian but is not given the angle of inclination^.^ 
corresponding to the latitude of the place? Let us further consider this question. | 
Let us assiirae that the axis of the gyro compass lies' in the plane of the merid- : 
ian, but without the necessary inclination (by the angle q) to the plane of the 



Plane of the 
norijoa 



•horizon. Let us follow up the subsequent motion of the north end of the gyro-com- 
pass axis, viewing the instrument from the north, i.e., turning our face to the south. 

- In this case, the east will be on our left side and the west on our right (Fig, 73) • 

- I As already stated, the north end of the gyro-compass axis lies in the plane of j 

—the horizon to the north. In Fig. 73, which shows the displacement of the north end i 
4 8.J I 

— of the crvro-comnasR axis as it annears to an observer viewing It from the north 

turning his face to the south, the north end of the gyro-compass axis (denoted, 

ypr brevity, by th e letter A) is at first I n the posit ion (at the intersection of 

.,“]khe plane of the horizon and the plane of the meridian). In this same Fig. 7 3, the 
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,; equilibrium position of the north end bf the gyro-compass axis is also shown, name- f 

; ly the plane in which it is raised above the plane of the horizon by the angle ^ | 

i ! I* 

t At first, when the north end A of the gyro-compass axis is in the position A^, j 

; the pendulum is vertical, and the gyro-compass axis has no tendency to vary its posi|“ | 

I tion in space. As a result of the rotation of the plane of the horizon about the | 

, vertical with the angular velocity q however, this plane, together with the me- i 

, ridian, will deviate from the north end of the gyro-compass axis toward the west*. ’ I 

' ! 

Instead of this it appears to us that the north end A of the gi'ro-compass axis devi-' 
ates from the meridian toward the east (Fig. 73). However, we already know (cf. 3ec- ; 

tion 23 , Fig. 71 ) that, when the north end of the gyro-compass axis deviates from the \ 

meridian toward the east, it begins to rise above the plane of the horizon (more ex- 
actly, the plane of the horizon begins to sink beneath it as a result of the rota- ! 

tion of the plane of the horizon about the meridian). On following the motion of the 
north end A of the gyro-compass axis, we see that the point A not only departs from 
the meridian toward the east but, at the some time, rises above the plane of the 
horizon (Fig. 73). 

When the gyro-compass axis ceases to point in a horizontal direction, the i^endu- 
lum also deflects from its vertical position and begins to act on the gyro rotor. 

We already know that this causes a processional motion of the gyro-compass axis in 

- the direction of the plane of the meridian (from east to west) which, as the angle 

- of inclination of the pendulum from the vertical increases, will gradually be accel- 
erated. As a result of this, the deviation of the axis of the gyro compass from the 

mcridiar. gradually tuviomea less out does not. scop at tne moment when i 

jbhe angle of inclination of the gyx*o-corapa8a axis reaches the value 3^, correspond- 
^ -jing to the equilibrium position of the gyro compass. At this moment, the point A 


j * We recall (Section 22) that the rotation of the horizon about the vertical ap- 
pears to be counterclockwise in the northeni hemisphere. 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R000500180017-5 






Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-Q1043RQ00500180017-5 






- reaches the position (Fig*73)> decribing the arc AqA]_« I 

] However, the A end of the gyro-compass axis is unable to stop in the position 

'since its equilibrium position is the position in the plane of the meridian. Be-| 

- ing to the east of the meridian, the point A continues to rise above the plane of 
lithe horizon; the precessional motion of the gyro-compass axis from east to west con-| 

tinues to be accelerated, and the apparent deviation of the gyro-compass axis from 
- . the plane of the meridian is now replaced' by an apparent motion opposite bo it in 
the plane of the meridian. The point A continues its motion, rising above the plane; 

_ of the horizon and at the same time returning to the meridian; it describes the arc 
kiA2 (Fig. 73). 

In the position A 2 , the point A again is in the plane of the meridian, but this 
time the gyro-compass axis is raised above the plane of the horizon, not by the an- 

- gle 3 Q, but by a larger angle (more specifically, by the angle 2 3 q)» ^ 

suit of this, the A end of the gyro-compass axis, on passing through the position A^, 
begins to deviate to the west of the plane of the meridian, and the north end A of 
the gyro-compass axis gradually begins to descend toward the horizon (like a star in 
the western part of the heavenly vault), the same time, the deviation of the 

- gyro-compass axis from the plane of the meridian gradually lessens and finally stops 
at the instant when the angle of inclination of the gyro-compass axis again reaches 

- the value 3 corresponding to the equilibrium position of the gyro compass. At 
this instant, point A, describing the arc A^A^, reaches the position A^ (Fig. 73). 

Subsequently, the northern end A of the gyro-compass axis, being to the west of 
"“ the meridian, continues to descend, and its visible deviation from the plane of the 

--imeridian is replaced by an apparent motion in reverse, toward the plane of the meridr 

4 8-^ 

.. — lian. Ihe whole cycle of motions of the point A is accomplished at the Instant when 
^^“"this point, describing the arc A^A^, again mst pass through its initial position A^ 
ter which the entire cycle, with relative to the not^ of the point A is repeat-! 
ci led anew an Indefinite number of tlnee. 
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Vfe re&ch the conclusion that if the g,Tro-compass axis is placed in the plane of 

) 

" .__.tlie. meridian... but i 3, not ^iven the. corresponding equilibrium positiorL--of . inclination- 

^ 

(by the angle 3 ) to the plane of the horizon, the gyro-compass axis will not 


__t maintain its position in the plane of the meridian j it vd.ll begin to fluctuate about 

„ its own equilibrium position executing oscillations in both horizontal and ver- 

1 0 -- ! 

I tical directions, the horizontal between the positions and and the vertical 

_J between the position and A2. The north end A of the gyro-compass axis describes 

] 4 — I 

— ' the oval curve AqA3_A2A^Aq, which is termed an ellipse. 

In this way, if the gyro-compass axis is not in its equilibrium position it 

18 J I 

is unavoidable that the influence of the diurnal rotation of the e.arth vdll cause 
20_^ i 

_ this axis to execute elliptical fluctuations about this position. In view of the 
22 _ ! 

— extreme smallness of the angle 0 q, the elliptical path A^A^A2A^A^ of the end of 

~ the gyro-compass axis appears very much elongated in a horizontal position. For 

26 -J 

— I this reason, the oscillations of the gyro-^compass auxis in the fundamental direction 
— :are, on the whole, directed in the horizontal plane and are accompanied by only 

— j insignificant vertical fluctuations. Ihese fluctuations are not damped in the 

22 _J 

— i course of time and, therefore, are termed undamped oscillations of the gyro-compass j 







— The time of one complete oscillation, i.e., the time in which the north end A of 

8 — 

^ — the axis of the gyro compass describes its elliptical path A^A^a^A^A, is called the 
^ — period of undamped oscillations of the gyro-compass axis . This ti«® depends on the 

— dimensions and weights of the parts of the gyro compass, on the angular velocity of 

4 — * 

— I the proper rotation of the gyro-compass rotor, and also on the angular velocity of 
6_ I 

— the dinmal rotation of the earth and on the latitude of the place in question. The 

■8 — I 

considerations given below, force us to select the design elements of the gyro com- 

““ pass in such a way that the period of its | undamped oscillations is eq[ual to approxi-j 


~ia ately 8 k idnutee (a Schuler period). j 

period of the undamped oscillationa of the gyro-compass axis with pendulUM 
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I" 


Pf- A?' - 


-~| (denoted by the letter T) is determined tly the formula* 

_ j I 


: 

ipa n cos X 



, . I. 

„ where J is the moment of inertia of the ^yro-compass rotor, p the weight of the 

_ pendulum, a the distance of its center of gravity from the horizontal axis of rota- 
tion XX of the inner Gadanic ring (Fig. 69)!, w the angular velocity of the proper 
_ rotation of the rotor, 0 the angular velocity of the diurnal rotation of the earth, 
_ and X the latitude of the place. As wijll be clear from this formula, the more 
_ rapidly the rotor of the gyro compass is jrotating, the more slowly will its undamped 
J oscillations take place. | 


22 ~ Section 2 6. Eccentric Coupling of the Pe|idulum with the Gyro Chamber . 

We have just seen that continuous oscjlllations of the axis of the gyro compass 
S'bout its equilibrium position are an unavoidable accompaniment of the operation of 
_ a Sperry-type gyro compass with a pendulun of the above-described design. Merely 
^ by placing the axis of the gyro compass in the equilibrium position, i.e., by direct - 
^ pl^ne of the meridian and giving it the necessary Liclination to the 
35— plane of the horizon (by the angle denotell by 3 the generation of such fluctu- 
Sall avoided. The Sperry gyro cUpasses contained a special device to im- 

40 I arro-compass axis the necessahr inclination to the plane of the horizon 

+2Z so-called leveling of the axis). Such measures, nowever, are Insufficient to 
completely avoid the generation of undamppd oscillations of the gyro-compass axis, 
which substantially hamper its operation.! To make the Sperry gyro compass useful 
in practice ,it3 design, as mentioned in pection 23, had to Include a slight modifi- 
necessary extinction of the generated oscillations of the 
52Z 8yro-compas8 axis. This mooification is iery remarkable; it showa that in gyro-- 
scopic system vre may still att ain extinction of oscillations without introducing 
56_ , ^ ^. y<8 , i . gtknce8 to motion into ^^ejaigbi^fo^^^^ ff-lctio n., etc.), which alway s 

J I ^4- 
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have a harmful effect on the operation ofj the instrument. 

We .note Xirat .of . all that the principkl scheme of the instrument described-in - 


_.| Section 23, remains unchanged if we do nojb couple the pendulum, rigidly to the inner 


_ gimbal ring in such a way that this ring |and the pendulum constitute a single whole 
_ (as was assumed in Section 23 and as was depicted in Fig. 69), but instead, assume 
_ the pendulum to be suspended in the following manner; 

In the Sperry gyro compass, the outer gimbal ring (1) (Fig, 74) is surrounded by 
another ring (2). This ring is also able’ to rotate (like ring (1)) about the verti- 

- cal axis (3-3) and is rotated by a 

~ special motor (which is called the 

- <•. “azimuth motor"), which automat- 

- ^ r // ically holds the ring (2) in the 




same plane as the outer gimbal- ring; 


in this way the ring (2), as it were, 
follows the displacements of the 
outer gimbal ring (1) and for this 


reason is termed the "fo 


ring. It is in order to follow 
this ring (2) that the pendulum (4) 
is suspended on the horizontal axis 


the inner gimbal ring in the SperiT- S7^ compass is played by the 
— I round chamber (6) in >diich the gyro rotor (7) is placed and to which the axis of ro- 
-Q tation of the rotor (8) is attached. “Rie horizontal axis of rotation of the chamber 

40 — 

(9-9) is attached to the outer global ring (1), The coupling of the gyroscopie sys- 
52I pendulum ia aocompUshed Igr me^s of the pin (10) which couples the 

dulua (4) to the chamber (6), 

^ this pin (IX)) la pLaead at the lowest of the chamber (6), the general 
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.J layout of the instrument in question does not differ basically from the scheme dis- 

Section 23,aid as there, it is otvious that the inclination the -gyro-oo» 

t_] 

I pass axis from the plane of the horizon, 'accompanied by the corresponding deviation 


of the pendulum from the vertical position, causes a precessional motion of the in- 

_.j strument about the verticalj this precessional rotation is countercloclcrfise if the 

■-4 

north end of the gyro-compass axis is raised above the plane of the horizon, and is 

__ clockwise if this end of the ^axis is depressed below that plane, 'fhe reason for 
this precessional rotation is the pressure of the pendulum, transmitted to the rotoi 
_ axis through the medium of the pin 

(10) and of the gyro chamber (6). 

It is easy to see that all fur- 
ther deductions made in Sections 2i 
and 25 remain in force without any 

Bt 

j modification whatever. Of course, 

: we do assume (as in Section 23) 

that the gyro rotor is rotating 
counterclockwise if viewed from the 


— The behavior of our instrument 
Fig. 75 

— v/ill change substantialiv ■'f wc as- 

4 U__| 

— sume that the gyro chamber is coupled with the pendulum by means of the pin, not at 

42 

the lowest point of the chamber but somewl^t displaced from this point to the east 

— (Fig* 75) • This was exactly what was done ^ in the Sperry gyro compass. This simple 

— and remarkable modification of the above-i^entioned design of the gyro compass made 
it possible to ensure damping of the oscillations of the gyro-compass axis, a modi- ; 

^^■“fication commonly known as '’eccentric couj^ling** of the compass and the gyro chamber, 
us describe the functioning of an linstrument of this design. First, we dis- 


igard the effect of the diurnal rotation jof the earth* Let us imagine that the 
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J north end of the gjrro-compass axis ((8) ih Fig.76) is raised above the plane of the 

■ r 

J. horizon C^nd that, consequently, the pendiilum (4) is inclined by the . same, angle- Jfron 

. I ; 

„i the vertical plane toward the north, Fig, 76). Then, the pressure S transmitted froc 

_J the pendulum (4) over the pin (lO) to the' gyro chamber (6) , and over that chamber 

to the rotor axis, will tend to rotate the rotor axis toward the horizontal positior 

Jj and at the same time tend to turn the gyro chamber and the rotor axis about the 




« \\ y 


East 11- \ the horiioe 






iy 





U__|vertical axis (3-3) in a clockvd.se direction (in Fig.76, the gyro chamber i" she 


46^ S chematically in the form of a flat or roimd disk). 


48— Consequently, the forces are transxaitted through the chamber to the rotor ax-| 
is. These forces lie in the vertical plane containing the axis (3-3) and the hori- 
52-zontal forces F (Pig.77). We recall the rule of precession (Section 6). ^y 1 


^ *1 a pa^aUgl to the a3ri,B — ( S / -.- 
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rotating the forces oLiid F 2 about the r^otor axis through 90 in the sense of the 
rotation of the rotor (the sense of rotation of the rotor is indicated in Fig, 77--by^ 
the curved arrow), the action of the force causes the gyro axis to process, ro- 
tating counterclockwise about the vertical axis (3-3); ^t the same time, the action 
I of the forces F^ causes the north end (i.e,, the right-hand end in Fig *77) of the 

gyro axis to descend toward 

i . the horizon, and the southern 

/ end to H5?e, i 




I / Thus the variation in the 

\ \ \ inclination of the gyro axis 

„j \ yf / \ to the horizon is due to this 

\ I S new effect which is introducec. 

^ by the "eccentric coupling" oi 

-J the pendulum with the gyro 

1 . ! 

chamber in the operation of j 

Fig. 77 the instrument when the gyro i 

axis deviates from the plane of the horizon. This effect was absent when the pen- i 

— - dulum was rigidly coupled with the inner ring of the gyro or with the gyro chamber ' 

3 (7 „ ; j 

(Section 23) and it must also be absent when the pendulum is coupled with the gyro | 

— chamber by means of a pin fitted at its lowest point, i.e,, with n. = 0 (Fig. 74 ), ! 

I since in this case the forces F^ are absent, .7e shall ’see later how this effect, j 
— I produced by the "eccentric coupling" of the pendulum with the gyro chamber, is uti- | 

"dlized to damp the oscillations of the gyro compass. j 

‘ 16 — 1 


i Section 27 . Deviations of the 
I Pendulum with the 


CompasB Due to the Eccentric Coup 


Chamber, or Fluctuations in Damp: 


H 

^ Before discussing the mechanism of tlw damping of oscilla tions in a gy ro compasa , 


“idue to the eccentric coupling of the pendoLum with the gyro chamber, let us mention 

I — U- . — - 
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still another peculiarity introduced intoj the operation of the instrument by this 


i_.ecc_entric coupling. We already know tha"^, in the equilibrium position, tho-axia oX- 

^ the gyro compass is located in the plane of the meridian and receives a certain in- 

i ciination to the horizon; the north end cxf the gyro-compass axis is raised (in the 

northern hemisphere) above the plane of the horizon by an angle which we have de- 
. j noted in Section 24 by 3 . The inclination of the fjyro-compass axis by this an- 

; O 

J gle ensures the precessional rotation of its axis about the vertical (counterclock- 

. wise) with an angular velocity Q ^ of the rotation of the plane of the horizon 

-*■ j 

___ about the vertical. 

as a result of this, the gyro-compass; axis follows the rotation of the meridian | 

) — ^ . i I 

_j about the vertical (due to the diurnal rotation of the earth) and invariantly re- ; 
mains in the plane of the meridian. 

This is the situation in the absence of "eccentricity" in the coupling between 

_ J the pendulum and the gyro chamber i.e., at e - 0 (Fig. 74), Hew does the existence i 
3 --; ... . ! 

„ of such eccentricity, i.e., the placing of the pin coupling the compass with the 

gyro chamber at the angular distance toward the east, affect the equilibrium po- ‘ 

isition of the gyro-compass axis? 

i 

— I We know that, in this case, the rise of the north end of the gyro-compass axis i 

6 ] : 

-J produces not only the precessional rotation of the axis of the instrument about the ' 

2 — I ; 

-J vertical, but also a gradual lowering of this axis toward the olanc of the horizon. I 

oj ' * ■ 

-- io ensure a constant ^oosition of the gyro-compass axis with respect to the surround— 

— ing terrestrial objects in the equilibrium position of the instrument, it is neces- 

: 

— sary in some way to eliminate this gradual descent of the north end of the axis of ' 

0 — i 

— the instrument in the equilibrium position. How can this be done? * 

8-j : I 

We know already that, in consequence c^f the diurnal rotation of the earth, every^ 
^—easterly deviation of the north end of thd gyro-compass axis imparts to it a tend- 
^ ency to a gradual rise above the level of; the horizon (we recall the star rising on 
“ the eastern side of the sky as a result of the diurnal rotation of the earth) . Let 
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- I us tilt the north end of the axis of our p^ro compass from the plane of the meridian 
_t. toward the east by some angle 3 ibt us select this angle in such a way that, 

j the resultant easterly deviation will make it i^ossible for the gradual rise in the 
J axis of the instrument to compensate the lowering of the axis due to the "eccentriT 

... coupling" between the pendulum and the gyro chaiaber. Ue conclude that, in the ores- 

] n ‘ 

ence of an eccentric coupling, the constant position of the axis of the instrument 

I respect to the surrounding ground objects will be obtained in the case when the 

1 .... 

north end of the instrument axis in this equilibrium position is raised above the 
plane of the horizon by the angle 3 ^ and is simultaneously caused to deviate from ; 

meridian to the east by the angle P q. a more detailed investiga-^ 
.... tion of the question allows us to determihe the value of the angle 3 q- It devel- | 

ops that this angle depends on the size of the angle e (i.e., on the value of the j 

an.gular easterly devicaion of the pin in the "eccentric coupling") and on the lati- ' 

^^..__ tude of the place. In the Sperry gyro compass, e is taken as 2^^, at the latitude i 

- of Leningrad, the value for this gyro compass is a = 3.5°. 

Thus, in the presence of an "eccsniiic coupling" of the pendulum with the gyro ; 

^ chamber, the axis of the chamber will reach its equilibrium rosition not along the 
direction of the meridian, but at a certain .ngle a ^ to the direction of the me- i 

“ o deviation of the gyro compass due to "eccen- ^ 

coupling" or "deviation of damping". ; 

; In tnis way, the introduction of "eccentric coupling" in the gyro compass causes 
substantial error in the instrument readings. Should we not conclude from this ‘ 
"eccentric coupling" is entirely unsuitable? by no means. It must! 
^^-be remembered that here we are speaking of a gyro compass instaUed on a ship and i 
^^Hserving to detemdne the course of the ship, i.e., the angle fonned between the di- ' 
motion of the ship and the direction of the meridian. The direction of 
motion of the ship, in calm we ather and in quiet wate r, c oinc ides w ith the d i rection 
56 jo^ the ship from stem to prow; this direction, the course line, ISj^en by tha_ __ 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-Q1043R00Q5Q018Q017-5 






Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043RQQ0500180017-5 




"course” mark (1) of Fig. 78, placed on tlie round course ring (2) which surrounds thn 
horizontal card (3), graduated in degrees and rigidly coupled with-the roHow-up-- 
ring of the gyro compass. If there wereino deviation due to "eccentric coupling", 
the axis of the gyro compass. and, consequently, also the zero division of the card, 
would give the direction of the true meridian, while the reading taken from the card 
opposite of the course line would directly determine the course of the ship. How- 
ever, we know that the "eccentric couplirig" causes a certain deviation (easterly in 



! AsP^o 



northern latitudes) of the instrument axis and, consequently, also of the zero read^ 

j I 

—lings connected wich the follow-up ring of | the card, by the angle a, . This intro- ^ 

4 0 — O 

duces an error into the course reading of jthe gyro compass. It is easy to show, ' 
however, that this error will be compenBatjed by rotating the course ring with the 
5*1 the east thr ough the s^e angle ^ oJ.Fig. 79). Mow the reading [ 

taken on the card will again give the shij^’e true course. 
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— In the Sperry gyro compass, a simple tievice uas provided which ijermits without I 

. . . i 

j3ny .preliminary calculations a rotation oif the course ring through the -necessary. _ 

4 I I 

J angle (the so-called '’mechanical correctihg device"), in this way compensating the 

I . . I 

_ ■ error in the instrument readings due to t|ie deviation caused by the "eccentric cou— 
pling" , 

! n -J 

• “ - - Oection 2b. Ihmp ing oi* ohe Oscillations of the Gyro Compass /ociSt Hae to Eccentric 

...„i i ^ 

■ ' - Coupling of the Pendulum with the Gyro Caiamber . 

Below, we will discuss the process of damping the oscillations of the ffi^ro-com- I 

. • V. . . . . ' I 

~ axis by usin^j an "eccentric couplmgl’ of a pendulum with a gyro chambera j 


JI.C— 

£ 

Plane of 
the horizon 


44 ~ imagine that we are viewing the instrument while standing to the north oij 

facing south (as in Section 25). We mark the position of the north end of | 

• a gyro-compass axis on the dravfing (FigiSO), on which the plane of the meridian i 

" 8 - 

horizon are shown; tl;ie east wiU be to our left and the west td 

52 right. Let us mark, on this drawing, the equilibrium position of the north 

end of the gyro-compass axis; In th is position, it is raised above the level of the 


[horizon by the angle a ^ and deviates from the plane of the meridian to the east b; 


60 
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18_J 


..4 the angle q. j 

Let us assume that the axis of the g^o coinpass is brouglit .out of its -aquilib*- 
J rium position; we assume, e.g., that its borth end is given an additional deviation 
to the east (which corresponds to the position in Fig.go). 

4 Let U3 now leave the instruoent to itself. He already know (Section 25) that ij 
^ there were no "eccentric coupling" of the pendulum with the gyro chamber of the in- 
^ strument then there would be undamped oscillations of the instrument, in which the 
__ north end of the instrument axis would describe the elUptical path shown in Fig. 80 
by the broken line. 

At the same time we also know (Section 26) that as a result of the "eccentric 
the north end of the gyro-compkss axis, being r..ised above the plane of 
the horizon, is now given a tendeno.- to sink toward that plane. For this reason, ir 
_ _ the presence of "eccentric coupling", the north end of the gyro- coinpass axis moving 
rol: describe, instead of! the upper half of its elliptical path, th« 

_ lower arc in Fig.80, after which it Kill commence its return motion toward the 
^ east. Detailed investigation (which we will not discuss here) shows that the suc- 
^^^cessive sweeps of the gyro-compass axis will gradually diminish and that it will 
gradually approach its equilibrium positl|.D N^, where it will finally stop. The 
north end of the gyro-compass axis, insteid of a closed eUiptical path, will de- 
scribe a spiral curve which wiU graduaUy bring it from its initial position 
its equilibrium position N^. 

This constitutes the process of damping the oscillations of the gyro-compass ax- 
is due to the "eccentric coupling" of thej pendulum with the gyro chamber. 


4 

46_4 

48. 


52-4 


Section 29. Course D eviation of the Gyro! Com , 


co^sa is designed for instillation on seagoing ships. In the pre- 

«;4_ aectiong we did not take into aecoj mt t he influence on the Instrunen t read- 


exertsd ty the motions of t he ship. 


Pie ^rro c ompass ^ an instrum ent possess- 




JLla, 
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ini 'Extraordinary' sensitivityj it is oapajble of responding to smTo'w'rroun;^ 
^j.yon_pf its base as the diurnal motion ojj the earth itself. Biis is preoisely why 
...1 the diurnal rotation of the earth impart^ to the instrument the ability to remain 1 


I tSe Plane of the meridian. It is obvioud'that an instrument po’snie'ningindr 76^^17 

j _ tivity must very markedly react to any njtione of the ship on uhich it is instaUed, 

“ *'‘'® d/ro-oompass readings due to the motion of the ship on which it is 
I — installed are tensed its deviations. I 

! _ At first glance it may seem that there is one case of the motion of a ship whiot 

should not be accompanied by any deviations of the gjTo compass whatever; this is 
I - “ case of strictly rectilinear and uni- 

^ i' form motion. This is true but it ‘is obvi- 

there can be no strictly recti- 

© linear motions on the earth's surface at 

Indeed, this is a simple consequence 
of the spherical shape of the earth. Let 
us assume that a ship is sailing strictly 
along the meriaian in the direction 

56 J I (fig. 81). The motion of th« 

s 

? e ■ ship at a given instant appears to be tak- 

! 40~ •'iS-81 along the horizontal line ns 

^ (along the meridian). However, it is obvious that the tmue path of the ship moving 
along the surface of the ocean is not the, straight line ns but an arc of a circle 

“f «^rth, whose ce.nter is located at the j 
—I center of the earth. i I 

48- ; I 

5oJ *'''® ^srth's surface which appears to take place along a I 

I Hhorizontal straight line is.in fact,a cufvilinear motion. For this reason, ev«. 

j , - in the case when the ship appears to be moving along a <rt,ralght line at constant 

«ecompanl.d| by the appearance of « certain deviation 
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of the gyro compass; this deviation is diie bo the curvature of the earth's surface 
Of course, in view of the immense size of the earth*, the curvatu.re,..oil,,its-surface- 
]j is very small. Is it possible for such a negligible factor to exert a perceptible 
_7j ' inf iuence on the readings of the gyro compass? It has been found that it can. Let 
us now consider this deviation of the gyro compass, due to the curvature of the 
J earth's surface, during the "rectilinear’ and uniform notion of a ship. 

Let us assume again that the ship is .sailing on the surface of the ocean, jaain- 
taining the direction of the meridian from south to north (Fig. 62). During a cer- 
tain time interval, the ship will be dis- 

! 

placed from the position to the position | 
Let us denote the line so obtained at 
the point by and the corresponding 

line at the point by It is obvious 

that, on transition of the ship from the po- 
sition to the position the meridian 
and together with it the plaiiC of the hori- 
zon, will have rotated through the angle 
about an axis perpendicular to the plane of 
tile meridian (Fig, 82). fnus, when the ship 
is displaced along the meridian in a north- 
erly direction, the direction of the pl 2 ine 

the horizon is rotated about a horizontal line normal to the meridian; in this case] 
the northern part of the plane of the horizon will gradually sink while the southeni 
part rises. i 

Let us assume now that a gyro compass, is installed on the ship and that its ax- 
is, at the instant the ship is at position is directed along the meridian n^a^ 



Fig.82 


* The radius of the earth is 6370 km. 


60 j 
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JJ Since, during motion of the ship in a northerly direction the northern part of the! 
-PlM® the horizon vdll gradually sink^ it follows that the north, end oiLthe 

_ of the gyro-compass rotor, striving to maintain a constant direction of its axis of 

t) ,.,j 

_ rotation, v^ll seem to be rising gradually above the plane of the horizon. On the 

8 *-, 

other hand, we already know (Section 23) that if the north end of the gyro-compass 
_! axis rises above the plane of the horizon then the action of the force of gravity 
_j of the pendulum will cause the -whole instrument to start rotating counterclockwise 
_ about the vertical. Consequently, if the gyro conij»ss is installed on a ship sail- 

6 — i 

ing in a northerly direction then the influence of the motion of the ship will 

8 -I . i 

cause the north end of the gyro-compass axis, which was originally directed along 
^ J meridian, to deviate gradually west-ward from the meridian. 

^ However, v-fhen the north end of the gyro-compass axis deviates westward from the 

plane of the meridian, it will also acquire a tendency to decline toward the horizor ; 


this IS a consequence of the rotation of the plane of the horizon about the meridiar, 

. 8 — j 

.... j.et us recall the stars which descend toward the horizon in the western part of 
the celestial vault, at a certain magnitude of the westerly deviation of the gyro- i 
..j compass axis from the meridian, the mutually opposing tendencies of the instrument | 
36~ due, respectively, to the motion of the ship and the diurnal 

rotation of the earth, are in equilibrium in this position, the instrument will re- ■ 
main in equilibrium for a long time. 'IhiB westerly deviation of the instrument axi] 
from the meridian is tenned its deviation due to the motion of the ship in a north- | 

— erly direction. • 

44_ I 

46Zl deviation? At first glance, it my seem that the magni- 

tude of this deviation, which expresses the influence on the instrument reading of 
!^n~ insignificant a factor as the curvature of the earth's surface, should be very 
5 ^ sm^U. This is not so, A more detailed examination of the qucstior shows that the 
magnitude of the deviation with which we arc now concerned depends on the speed of 
ship and on the latitude of the place; It is found Jhat, at the Utitude of 
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Zj Leningrad (6b®) and at a ship speed of knt/hr, which approximately corresponds to 

M 3Q knots, the gyro compass has |a deviation of 3°42' and, consequently, r-#.. 
4 i 

_J acts markedly to the curvature of the earfth’s surface; its sensitivity is almost 

t) } .. . i 

I phenomenal, 

t! - J 

__j Thus the motion of the shj.p in a northerly direction results in a westerly devi- 

1 0 . . 

at ion of the gyro compass. It is easy to show that with the ship sailing in the 
_| opposite direction the deviation should also reverse its direction. Consequently, 
the motion of the ship in a southerly direction produces an easterly deviation of 
the gi'ro compass. 

1 8 . J 

__ >Je have assumed, up to now, that the ship is moving in the direction of the 
_.j meridian (northward or southward). However, in what -way does the motion of the ship 
in a direction normal to the meridian (eastward or westward) affect the readings of 
— i the gyro compass? We have seen that the primary cause of the appearance of devi- ! 

^ ..Jations of the gyro compass, when the ship; is moving in the direction of the meridiai], 
__ is the rotation of the plane of the horizon about a line normal to the plane of the | 
.... meridian. Such rotation of the plane of the horizon does not occur if the ship is i 
j moving in a direction normal to the meridian, we must conclude that in this case | 
_jthe .motion of the ship exerts no influence whatever on the readings of the gyro coaJ 

* i 

-wpass . i 

38—1 ; 


This is not entirely accurate. 


As a result of the diurnal rotation of the earth,; 


the ship is likewise transferred, together with the points of the earth's surface', 
in a direction perpendicular to the plane of the meridian and toward the east. I 
Consequently, the motion of the ship along the surface of the ocean toward the | 
east or toward the west does exert the i same influence on the gyro compass as -wculk 
be the case if there were a certain increase or decrease in the angular velocity 
of the diurnal rotation of the e arth. 'This influence is insignifi cant and may be 
disregarded. 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R00Q500180017-5 







iif 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R000500180017-5 




— I 


Let us now assume that the ship is sailing in some direction, forming a certain 
angle with the direction of the meridi^ SS (Fig.83); this angle is termed the 
icourse angle or. for short, the course of^the ship and is measured in degrees from 
north to east. Lay off the speed of the ship v in the direction of its motion and 
- resolve it into two components v^^and v^, namely the direction along the meridian NS, 
and the direction perpendicular to it. The component will have no influence on | 

the gyro-compass readings vrtiile the compo-| 
Y nent v produces the deviation discussed 

I 1 


K i 

j Thus, in the motion of the ship in any , 

I direction, the deviation of the gyro com- 

! ^ pass is caused only by the velocity compo- 

'f nent v^j the value of this deviation de- 

S pends on the \alue of the component v^ and 

Fig , 33 on the latitude of the pUce. However, 

since the value of the velocity component v^ depends in turn on the value of the 

velocity v and on the relative bearing or course angle y then, in the general 

case, the magnitude of the deviation of the instrument due to the motion of the ship 

depends on the speed of the ship, on the latitude of the place, and on the course of 

the ship. For this reason this deviation is termed the course deviation of the 

gyro compass. In the case when the ship is ascending to more northerly latitudes 

the course deviation is directed westward; when the ship is descending to a more 

southerly latitude the course deviation is directed eastward. 

We recall that the deviation of damping is always directed eastward (in the 
8 ---( ; 
„--inorthern hemisphere Section 27). Consequently, the course deviation ie compounded 

with deviation of samping during any motion of the ship toward a more southerly lat- 

r itude and is sub tracte d from the dsvimtion of dam^ >*en it i» ' 

j^~em latitudes. In Section 27, w« nehtl<»*d a simple device allowing a com^srtl^ 
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-of the error in the gyro-compass readings: due to the deviation of damping. In the 

same manner^ the error due to course deviations which is added (with the plus or 

minus sign) to the error due to the deviation of damping is also compensated. 

' ; — — Deviation of t he Gyro Compass. The Schuler Condition . 

In the preceding Section we assumed that the motion of the ship on which the 
gyro compass was installed took place at constant speed and with a constant course, j 
Let us now consider how any variation in the speed or course of the ship will be re-' 
fleeted in the readings of the gyro compass. 

Let us imagine that we are in a moving streetcar. So long as the car is moving 

with constant speed along a rectilinear section of the track, we might entirely fail 
to notice the motion of the car if the windows are closed, if it were not for the 
periodic impacts on the rail joints, to which our attention is involuntarily drawn. ' 
The situation is entirely different when the velocity changes sharply or on a 
curvea track. At a sudden deceleration, all passengers standing in the car experi- 
ence a violent shock which throws them toward the front platform of the car. A 

passenger experiences the same shock when the car rounds a curve if the nar enters 
the curve at a considerable speed; here the direction of the shock is normal to the 
direction of motion; if the car turns to the right, all passengers standing in the 
car are thrown violently to the left, i.e., toward the side opposite the side on 
^ - which the center of curvature of the track is located. Consequently, when the car 
^ ^ -moves at variable speed or along a curvilinear section of the track, the passengers 
—are subjected to the action of a special force which is teraed the force of inertia; 
the car is moving along a curvilinear section of the track at constant speed, thiL 
.p~^orce of inertia is termed centrifugal force. 

.q Ihe Bam fore, of inertia is appUad to aU objects on the ship .Aen it is nov- 
^ variable speed or along a cunriliajar p ath; in larticujar. the f orce o f iner-| 
56 applied to the j^dnha of th^(^ Better hoe.tbi. force 
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of inertia J is directed (in all cases, it will be horizontal), it may be resolved 
into two components and directed, respectively, along a north-south line 
(i»e., along the meridian NS) and along on east-west line (OW in Fig. 84). 


If the gyro-compass ajcis is directed 

N 

j northward, the pendulum can swing on- 

} . ly in the plans of the meridian (Fig. 

T I 85). In that case the force J^, di- 

w y ■»! 0 

I rected perpendicularly to the plane 

I of the meridian, exerts no influence 

I 

I whatever on the pendulum while the 

S 

\ force J, , transmitted to the gyro-corn - 

Fig.84 ^ 

pass axis, exerts a pressure F on it 

which is greater the greater the force In Fig. 85, it is assumed that the force 

is directed southward^ in that case, the pressure F applied to the north end of 

the gyro-compass axis will be direct- 

I ed vertically downward. By applying | 

the rule of precession which we al- i 

ready know (Section 6) we conclude ' 

that under the action of the pressure! 

F the instrument will process, ro- j 

tating counterclockwise about the verj- 

tical. Consequently, under the ac- 

tion of the force of inertia the 

' north end of the gyro-compass axis 

Fig.85 

will deviate from the meridian tovfard 

the west. Axis deviation of the gyro comj^ss due to th$ force of inertia of the 
' pendulum when the velocity or cou rse of tlie ship varies, i s termed the ballistic 
' deviation of the gyro compass* i 
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Let us assume that the ship proceeds at constant speed v along the straight line! 
AB and keeps the course then^ madntalning this same speed v and describing thej 

arc BC, it goes into the new course and continues to move along the straight | 
line CD (Fig, 86). How will this maneuver, executed by the ship, affect the readings} 
of the gyro compass? ! 

So long as the ship was moving along the straight line AB, the gyro compass show'- 
ed a constant course deviation corresponding to the velocity v and the course 

On passing along the curve BC, the I 
variable ballistic deviation due to. 
the centrifugal force of the pendu- 

I 

lum is added to this constant devi-i 
at ion. Caua we consider that at 
point C the ship is entering a new 
rectilinear section of the route 
having a deviation of the gyro com- 
pass equal to the course deviation 
corresponding to the velocity v and 
Fig, 86 the new course ; ' 2 ? In other words, 

can it be considered that at point C the gyro compass will be in a new equilibrium 
position corresponding to the velocity v and the course > 2 ? 0^ course not. For 

- this reason, on completion of the maneuver, oscillations of the gyro-compass axis 

arise which are damped only gradually -under the influence of the "eccentric cou- 

- pling" of the pendulum with the gyro chamber. 

1 8 r®^ch the conclusion that the variation in speed or course of the ship must 

accompanied by the generation of oscillations of the gyro-compass axis. It is a 
fact, however, that it is possible to design an instrument in such a way 
to avoid the generation of such oscillations. For this. It is necessary to ob- 


60 
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; such a way that the period of its undamped oscillations (mentioned in Section 25) iaj 
equal to the period of swing of a pendulum whose length is equal to the radius of 

I 

the earth. The period of such a pendulum (i.e., the time of two sweeps) would be I 
84.4 minutes; this must be the period of the undamped oscillations of the gyro com- | 
pass to prevent the maneuver ox the ship from causing oscillations of the instrument!. 
This condition, which is often called the Schuler condition from the name of the 
scientist who discovered it, is always taken into account in the design of a gyro \ 
compass. However, there are certain difficulties involved in its exact satisfaction, 
in view of the fact that the period of the undamped oscillations of a gyro compass 
varies with the latitude of the place. At the same time, the reservation must be 
made that, even with an exact observation of the Schuler condition, a variation in 
the speed of the ship or in its course will fail to result in oscillations of the 
gyro-compass axis only where the gyro compass contains no device that might cause 
damping of its oscillations, i.e,, if there is not ’’eccentric" coupling of the pendu- 
lum with the gyro chamber. For this reason, the maneuver of the ship will still 
lead to oscillations of the gyro-compass axis, ^ich will only be damped gradually, 
after completion of the maneuver and on passage of the ship to a motion at consUnt 
speed and constant course. 


Section 31> The Sperry Gyro Compass with Mercury Reservoirs . 

Sperry pendulum gyro compass, considered in the preceding Sections, was de- 
signed around the year 1910 and at that time was vd.dely used on naval ships of 
—various countries. It was soon found, however, that this instrument had certain 
jfaults; particularly, its rcadingc in a fresh wind proved unreliable. This is due 
to the fact that, if the ship rolls, its motion is not strictly rectilinear even if 
maintains a constant course. For this reason the rolling of the ship causes a 
deviation of the gyr o compass due to the forces of inertia of the pendulum and h^y- 
56 char acter of ^ballistic deviation. It must, however, be borne in mixid that 

sH I 


i 'ifm 
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-|ths forces of inertia due to rolling are alternately directed in diametrically op- 
jposlte directions and therefore neutralize each other to a considerable exteiit, . In 
Jspite of this, the rolling still has some influence on the readings of the gyro com- 




The desire to improve the navigational qualities of the gyro compass forced the 

1 0 J 

American Sperry firm, toward the end of the World War I, to modify the design of the 

__,;instrument substantially. The designers of the gyro compass abandoned the use of a 

I 4 -J 

pendulum and replaced this pendulum 

] 6 — ■ 

j by two communicating vessels filled j 

mercury. Thus originated a 

BHf compass, the Sperr:^ 

^ ^ “j ^ compass with mercury reservoirs i. 

— i Let us imagine two communicating 

— j Fig.87 vessels S and N, suspended on the 

- axis 0 in such a way that the entire systean is free to roll in a vertical plane about 
--jthe axis 0 (Fig, 87). We assume further that the system of comnunicat-ing vessels is • 
-|Dalanced in such a way that its common center of gravity coincides with the point 0. ; 

I . ‘ j 

In this case, the system of communicating vessels will be iji a f>bate of neutral equii 

reservoirs with a certain quantity of liquid (mercury) 
^^-puch that its center of gravity will coincide with the point 0. Obviously even now ' 
12 entire system will be in a state of equilibrium, as long as the vessels 3 and N ; 

--kre on the same level (Fig, 87). 1 

44 : 

change the system of communicating vessels from the position shown inj 
?ig.87, by raising the vessel N and corres^dlngly lowering the vessel S (Fig, 88). | 

^ portion of the mercury will flow frok the vessel li into the vessel S, and the I 
vessel 3 will thus acquire a tendency to lower still more, while the lighter 
rtssel H will tend to rise still mo re, me deviation of the system of liquid-filled 
? 0 Bmunieatlng vessels, from t he equilibrium iwsitlon, once i takes place, will have 
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tendency to continue in the same trend. The system of communicating vessels filij 
l_eil,_with liquid and suspended by this mettod, has properties to those of an , 


t “inverted” pendulum, i.e., a pendulum in jwhich the center of gravity is above the 


point of suspension (Fig, 69). Such an “inverted” pendulum, in theijertical position 


will be in unstable equilibrium; if ever ihe smallest deviation from the vertical 
takes place, this trend will increase continuously. In such an ui.stable equilibriuij 
are our communicating vessels filled with mercury. These may be termed a “liquid” | 
pendulum. Thus, a “liquid" pendulum of this design resembles in its properties an | 





36_. 
3 a—. 


Fig. 88 


Fig. 89 


"inverted" unstable pendulum (Fig. 89). 

It was by such a “liquid" pendulum that the ordinary pendulum was replaced in 
jthe new design of the Sperry gyro compass. Let us imagine that communicating ves- 
--{sels, filled with mercury, are attached to the gyro chamber in such a way that one 


44 , 

46_J 

48 


54 

56 


vessel is located on the north side of th^ gyro chamber (the “north" vessel N), and 
x.he other on the south side (the “south" vessel S) (see Fig.90). Let us also assume 
that the axis of the gyro compass is locatjed horizontally along the meridian; in 
^ that case the mercury vessels will be on the same level and, consequently, the en- 
tire system will be balanced. We know thdt the earth's diurnal rotation causes a 
rotation of the plane of the horizon, together wi th the me ridian, in a coun terclock-| 


. wise direction about the v ertical, assuming that the gyro compass is located in the 


‘■I 

58 “ 
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^ northern hemispnere. tor this reason, the north end of the gyro-compass axis, hav- 
^ tendency to maintain its constant c^rection in space imder the influence oil™ 

the rapid rotation of the rotor. 

0 .j i * 

deviate eastward from the me- 

iO I j j I ridian (Fig. 91). However, in that 

j ■> case, the rotation of the p la ne of 

; 4 ~' HI ^■1 horizon about the meridian, 

If Z' cause the north end of the 

,g~i gyro-compass axis and thus also th«! 

- northern mercury vessel N, to rise 

- ,n Fii^«90 above the horizon (we recall the 

3tar risirig in the east); feee Fig.92). The rise of the vessel h and the drop of the 
,3 □ vessel S cause mercury to flow from the north- 

3 ; ^ vessel N to the southern vessel 3. Fne 

,3' J # southern vessel S begins to be heavier than I 

I ^ i 

other vessel and this leads to a gener-' 

4 _r I (/\ pressures F of the gyro chamber; 

.6_ j* y ^ exjerted on the ends of the rotor axis; the | 

R_ pressure F, directed upward, is applied to ; 

0~~l northern end of the rotor axis, and the * 

2__ { pressure ¥, directed downward, to the south- j 

4__ ^ assume that the rotation of | 

6_J clockwise if viewed from the 

8_ / I north-as shown by the curved arrow in Fig. 90 

h- ‘ ^ Fig.92. By applying the rule of nreces-* 

2 — ^ls*91 si^n, we see that the gyroscope begins to 

~ precess, routing counterclockwise vertical^^ by the arrows in 

a tendency be set 5 a ths pl^e of th^neridian. 
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-| As is clear, the gyro compass with ine|rcur 7 vessels possesses the same propertiei 
...i.aa..a ,gi'ro.,compa3 a, with peadulunu We remark, however, that iri speaking - of- the gyro- 
„ compass with pendulum as described in Section 23, this instrument was given a di- 

I _ „ 

„ rectional force toward the meridian if it-s rotor was rotating counterclockwise rel- 
_ ative to an observer viewing it from the north. We now see that in a gyro compass 
_ with mercury vessels, the rotation of the rotor must take place in the opposite 
_.| sense, i.e., clockwise viewed from the north. Of coiirse, this is connected with 




•> a fact that the mercury vessels, in their properties, are equivalent to an "invertl- 

— ed" ordinary pendulum. i 

Ar)~~ What then is the advantage of the gyro compass with mercury vessels over the 

gyro compass with pendulum? The advantag^ lies in the fact that a gyro compass witl^ 

^ — mercury vessels provides greater opportunities for adjusting the instrument. 

~ Speny gyro compass provides an opportunity for regulating, by special cocks. 


] the quantity of mercury flowing from one vessel to the other whe 


the inetrjmcnt is 


tilted. We have seen in Section 25 that ihe period of undamped oscillations of the 
54 depends on the latitude of the plies* Bjy regulating the quantity of oercurj 
5 ' 6 ~ ^Xowlng from one vessel to th e other, according to the latitude of the place, it is 
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possible to make the period of undamped oscillation of the instrument almost inde- 
pendent of the latitude of the place, thus making it possible to .satisfy, the- Schuleij 
- j condition with great accuracy. In addition, by reducing the diameter of the tube 
— I through which the mercury flows from one vessel into the other, a certain lag in th4 
flow of mercury can be introduced which in turn improves the operation of the 

"1 

j instrument during a roll. The obvious advantages of a gyro compass with mercury 
vessels have led to a rapid displacement of the pendulum gyro compass in world prac-| 
tice by this new type of Sperry instrument. 


% 
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THE SYRO HORIZON AND OYRO VERTICAL 


Section 32. The Gyro Pendulum 


- ; I^ie direction of the vertical or the plumb line, at a given place, is determinec^ 

I 

very simply by means of the ordinary plumb line, that is, a string held at one end | 

- with a weight at the other end. Ihe direction of this string under equilibrium con- 
dition gives the direction of the vertical at a given place. Peculiar difficulties 
' . arise when the direction of the vertical must be determined on some moving object, 

such as a ship or aircraft; these difficulties are due to the fact that an ordinary 
- pendulum, one type of which is the plumb line, does not possess a sufficient degree} 
*- of stability. The effort to increase this stability naturally leads to the thought | 
3t:— . of replacing the simple weight in the pendulum by a rapidly rotating rotor. In thii 
3 a - way, we arrive at the idea of a gyro pendulum. 

• — Let us imagine a pendulum swinging in a vertical plane, alternately rotating 
•3— about the fixed horizontal axis AA, now to one side and now to the other, and con- j 
sisting of the rod A with the ring B at its end. To this ring the ends of the axis| 


•8— jtop C in rapid rotation about the axis cc, and then, by a light tap, let us bring j 
our pendulum out of the vertical equilibrium position. It will then begin to swing 
about the axis aa. Hie question now arises how the rotation communicated to the toj) 
"C'l'B'Tarf iffct Bd lirt hesB- swings . — DEJewlt-jaalM- the “vertli5al~pcraltl^ pendulnar 

^ ^ f aore s tabl e ? D oes-t h e r otat ion- top -impart to the -pendnlair the abiiity-ef 
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: resisting a force atteiapting to move it from the vertical position? 

J We have seen, in Sections 7 and 9, that a rapid rotation gives stability to tho- 
' axis of a gyroscope having three degrees of freedom but that a gyroscope with two 


degrees of freedom does not possess this property in the slightest degree. Since 
the gyro pendulnm shown in Fig, 93 has two. degrees of freedom (corresponding to the 
. ' two rotations possible in this system, about the axes aa and cc, respectively), we 

must conclude that any rotation of the rotor 
Q' of the pendulum of this device, no matter hov 

f“ast, will nob in uhe slightest degree in- 
^ ^ crease the stability of the vertical positiorj 

of that pendulum. It is easy to verify by | 
direct experiment that the rotation of the 
rotor C does not at ail influence the swing- I 
^ ing of the pendulum. In order to detect the : 

stabilizing influence of the rotation of the ^ 
o rotor on the swinging of the pendulum, it is 

/ q\ necessary to impart to the instrument the 

I U y j third degree of freedom which it now lacks, 

j j / ibis can be done by attaching the rod A ' 

^ ^ of the pendulum to the inner ring of the 

-- Fig, 93 Cardanic suspension, both rings of which are 

^ ^--.rotating about the mutually perpendicular and, in the nonnal position, horizontal 
— axes aa and bb (Fig, 94) • Now the instrument has three degrees of freedom correspond- 

' — ing to the three rotations about the axes aa, bb, and cc, flie same result may be 

4 0 — j 

— reached by resting the instmment on the horizontal stage L by means of the point 
^ ii* Fig. 95; here too, the pendulum may swing, deviating from the vertical in 

than a single plane, i.e., performing not only plane but also spatial osclXla- 
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In a gyro compass with three degrees of freedom (Fig. 94 or Fig. 95} the stabiliz 
ing influence of the rotation of the ■^tor on the swinging of the pendulum is clear 
i ly detected. Let us consider the motion of such a g^'To pendulum v^ith three degrees 
j of freedom. 








• t — i Let U3 give the rotor of the pendulum a rapid rote^ion (for example, counter- 

‘^6--'clockwise, viewed from above) and let us then cause it to deviate by a certain angle! 
t8— j from the vertical (Fig, 96 ), Here, the letter 0 denotes the point of intersec- 

50 ^:tion of the Cardanjc axes, which remains mcticnlecc, in the pendulum design of 

or the end of the base point in the design of Pig. 95. If we now release ouri 
“gyro pendulum -±tr-irtld"iiotx-by an 7 ^ means/ begl^^ swing iH the^ssaairyei^^ 
■ Vhi e h - i V-oeoupAediifeeii-it-wae made bo deviate from the vertical. 
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V 




_i Let us now proceed, as explained in ^ection 6 when we discussed the action on 

.! --I I 

...Lthe gyroscope of a force applied at a pqint of its axis and directed -along~a. line- 
~j not nortaal to the axis. At the center of gravity of the gyro compass (which we 
J assume to lie on the axis of the rotor) j!s applied the weight of the gjrro pendulum 
jj P. I,et us resolve the force P into two components P^ and P 2 , of which P 2 is direct-’ 
j ad along the rotor axis of the gyro pendulum and P^^ f.s perpendicular to that axis. 

I The component P 2 is balanced by the resistance of the fixed point 0, but the compo- 
nent causes a precessional motion of the gyro pendulum about the vertical passing; 
through the fixed point 0. Uie sense of this precessional rotation is easily found, 

B I ' 

J by the rule of precession, which we already know. | 

By applying this rule (Fig. 96) we see^ that, in this case, the gyro pendulum will 
- J describe a cone rotating counterclockwise (when viewed from above) about the verti- I 


In Section 10, we described an experiment with a gyro made of a bicycle wheel 
. (Fig, 18), In essence, the model of the gyro then discussed was nothing but a gyro ; 

— pendulum and the precessional rotation of the instrument described in Section 10 

. differs in no way from the phenomenon of which we are now speaking. We remark mere- 

ly that, in Section 10, we assumed the gyl^ axis to be horizontal, i.e,, normal to 
6_._i ^ 

— ;the vertical axis of precession while here we are considering the more general case 

—jof a gyro compass deviating by an arbitrary angle from the vertical, I 

0 ' 

In Section 10, in speaking of the experiment with the bicycle wheel, we remarked 

2 ‘ 

_ that the higher the angular velocity of the proper rotation of the wheel, the lower 

— will be the angular velocity of the precessional motion. Inis remark still remains : 

6—1 ; I 

— valid in the more general case now under discussion. The moz*e rapidly the rotor of i 

8- ; I 

— a gyro pendulum rotates about its axis, the more slowly does the precessional motiori 

0 J ! 

— jof the gyro pendulum about the vertical take place. , 

Let us assume again that the gyro pendulum is in its vertical equilibrium posi- j 


p — jtlon and that its rotor is placed in rapid rotation (Fig, 97). Let us now strike 


Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043RQ0Q500180017-5 







Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-Q1043RQQ050018Q017-5 






- . ! • ' -I 


-I the gyro compass by hand at its lowest pqint A, in a direction perpendicular to the 

. I plane of the paper. How vdll the pendulum react to this impact? . 

, i 'flie effect of the shock will be exprejssed in the application, during the ex- 
tremeiy short time of the impact to the point A of the gyro -pendulum, of the im- 
pact force S in the direction of the shock, i.e,, in a direction normal to the plan* 
. j of the paper (Fig, 97), Since the force S is applied at a point of the gyro rotor 

axis, and since it is directed normal to thi: 




axis, the result of the action of the force 
S is found oy the rule of precession (Fig. 97 ). 

applying this rule (as before, we assume 
the rotation of the gyro rotor to be counter- 
clockwise if viewed from above), we note that! 

as a result of the shock, the gyro pendulum • 

i 

deviates from the vertical in a plane normal | 

: i 

to the direction of the shock (more specifi- ; 

cally, to the right) by a certain angle , : 

which is found from eq.(3) of Section 6 : 


- ^ c/. = 3^ 

~ J w 

Fig, 97 (where a = OA is the distance between the 

^ ; point of application of the force 3 and the fixed point 0; J is the moment of iner- 
-.tia of the rotor; and w is the angular velocity of its proper rotation). 

In deviating, during the time t , by this angle a , the gyro pendulum oegins 
™to precess about the vertical under the action of the force of gravity, describing a 
-cone about the vertical, as explained aboye. 

It xs Clear from eq.(3; that the angle a by kfhich the gyro pendulum deviates 

- from the vertica l u nder the act ion of th^ shock will be aaaller, the higher the an- 

- gular velocit y v of the proper rotation of its rotor. It is In the mallness of 
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-| this angle of deviation oC that the stability, communicated to the gyro pendulum by j 
1. the rapid rotation of its rotor, is exprejased. J 


' Section 33. The Fleurials Marine 


-J We have an example of the practical erirZny&ent of the gyro pendulum in the j 
J Fleuriais marine gyro horizon. i 

In Section 1 it was mentioned that the first attempt to utilize the properties j 

j 

of a rapidly rotating top in practice was mads by Serson as early as the Eighteenth j 
Century tut it ended with the failure of the attempt to dssigi a gyroscopic "irtifi- ; 
cial horizon'* which would have replaced, in foggy weather, the visible horizon re- 
— quired by the navigator for astronomic observations. The original idea of Serson j 
, ^ " was put into practice only at 

^ the end of the Niiieteenth Cen- 

• instrumenr of the 

J ^ /// ^ branch inventor Fleuriais. 

The Fleuriais marine gyro • 

[j C [ (j ^ horizon is an additional at- 

, I \J uL -- * I [/ J tachment to the ordinary sex- | 

,, ^ ^ tant, which measures the alti4 

, tude of a heavenly body above! 

1 the horizon. In the sextant,; 

^ , I Fig, 98 the star S and the horizon 

/-'I line are simultaneously viewed throufeli the sight tube A (Fig, 98), In the Fleuriais; 
instrument an artificial gyro horizon is placed in front of the mirror B, It con- | 
50~ rotor C, which rests on a point somewhat above the center of gravity. ' 

Before be ginn i n g the obsexvation, the rotor is spun by compressed air from a hand 
pump. The jet compressed ai r enters the instrument through a hollow shaft and 
56~ isiplnges on dspress ions in the lateral surface of the rotor j during the time of 
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1; observation, the rotor is spinning at an jangular velocity of 50 revolutions per 
1 . second. Since the center of gravity of the rotor is lower than the- end- of ita sup- 
porting point, we have here a gyro pendulum and, vdiat is more, one with three de« 

--I grees of freedtwn. ^ 

On the upper surface of the rotor, each end of one diameter has a plane-convex 
Ij lens; on the flat surface of each lens is drawn, at the height of the optical axis, 
a fine line perpendicular to the rotor axis. The distance between the lenses is 
equal to their focal length; for this reason, the line drawn on &ac-h of the lenses 
J is clearly visible in the tube A, at each revolution of the rotor. i 

J If the axis of the rotor is strictly vertical then during each revolution one j 
Z' line or the other appears to be strictly horizontal and at the same level to the 
Z observer looking into the tube A. All successive images of the lines are merged in | 
the observer’s eye into a single horizontal line, which is able to replace the line | 




of the natural horizon invisible in foggy weather. ; 

However, if the rotor axis deviates from the vertical by even an insignificant 
- angle, a relatively slow precessional rotation of the rotor about the vertical be- j 
gins immediately, in the course of which the rotor axis will describe the surface 
a cone about the vertical. To the observer, looking into the tube A, the line vis- | 

— ible in the tube, replacing the line of the natural horizon, appears to be continu- j 
— ,ously changing its position. In Fleuriais instrument, the period of precession (i. | 
_.e., the time of a single rotation of the rotor axis about the vertical) is equal to ! 

•i2_; ^ I 

approximately two minutes. During these two minutes, the line visible in the tube 

•u_. ... ! 

aopeara to be horizontal twice, at its highest and lowest positions; in all inter- j 

46—1 . ! 

mediate positions it appears to be inclined, now to one side and now to the other, 

48-1 I 

— This mobility of the artificial horizon d9es not interfere with the observations; 
50_] 

— Ithe technique of astronomic observation develcped with the Fleuriais instrument takes , 
5M 

into account the characteristic oscillations of the artificial gy re horizon. 1 
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-J Section J 

\U., The Pendulum Aircraft Course! Corrector 







^ 1 ; 


! If the center of gravity of a gyro pehciulun coincides with its fixed point, this 

J 

instrument is converted into an astatic gyro and becomes unable^to. align. -its axis-- 
,_..j with the vertical. In the Sperry gyro horizon, which will be discussed in the fol- 
__1 lowing Section, a very interesting method of aligning the axis of the astatic gyro 
with the vertical is used. In the present Section the method of Sperry, which may 
, _ be termed that of the "air pendulum correction", will be discussed. 

The rotor of the astatic gyro A is suspended in a Cardanic suspension, whose i 
^ inner ring is designed as the gyro chamber B 

j ^ I (f^g*99); the outer ring is not shown in the 

diagram; the point of intersection of the 

1—- ^ ^ Cardanic axis eoineides with the center of 

e I 1 gravity C of the entire system (the axes of i 

— I * ! 

j i 1 rotation of the chamber and of the outer rir,g 

are horizontal). The gyro chamber B has a j 

— n T 3 ^"^ — ! 

I rounded cross section in its upper part and j 

i b\ i 

. U a square cross section in its lower part. | 

• |/7 rne four walls of the lower part of its cham-| 

? 

— f ber are provided with similar and synnaetri- i 

- ! I 

- — i cally arranged windows a, which are partly 

• 

covered by the pendulum shutters b, j 

Fig. 99 I 

> j In the gyro chamber B an elevated air 

.6— . pressure is maintained (in the following Section we will explain how this is accom- { 

*8— plished in the Sperry instrument). If the Qrro axis is vertical, as assumed in Flg.j 

^®H59» all four windows a will be half covered and permit ejection of the sar-i/^ of 

compressed air frcmi the chamber. Each jet exerts a reactive pressure in the 

-- sit e • di re ct i on~ o n - th e -chaaber r Sinee aH these pressurea^are equal and are directet 

5 6 ~] iR - p at ro at o pposite- sidee^ -they are- in -actual balance, «o thatn the gyra axie-renai* 


1 "t 
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in a vertical position. I 

^ Let U9 now v\s,syjae that the gyro axis /deviates from the vertical„by,a certain.. 

J angle in a plane parallel to two opposite faces of the lower part of the gyro cham- 
J her (Fig, 100). One of the two opposite windows a in these faces will then be com- 
pletely open and the other (not shown in Fig. 100) will be closed. .The reactive presj- 

. J 

_■ sure caused by the air jet entering through the open orifice in the front face will 

no- longer be balanced by the opposite reac- 
tive pressure, since the orifice in the back 
face is closed; as a result, a reactive pres-j 
sure directed perpendicularly to the plane ofj 
the paper, in the direction away from the 
reader*, will act on the lover part of the 
chamber, 'fhis reactive pressure, transmittec^ 
to the gyro axis, will produce the force F 
applied at the upper end at this axis and di-j 
rected normal to the plane of the paper in 
the direction toward the reader (Fig. 100), 

Let us now assume that the rotor of the 
gyroscope rotates covmterclockwise, if viewe4 
-ifrom above (Fig, 101). By using the rule of precession, we conclude that under the 
action of the .force F the gyro axis will precess in the vertical plane and will 


— * At a very small angle of deviation of the gyro axis from the vertical, both thes^ 
orifices will reaain open, but one orifice will be open more than half and the 
other less than half. The reactive presBUres corresponding to the opposing air 
jets will not ^ balanced; as a result, even in this case, there is a resultant 
reactive pressure on the chamber, directed normal to the plane of the paper and 


52-1 

54 

56 


away from the reader. 


STAT 
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i approach the vertical until it coincides with it. In this way, the original devi- 

...j 

J ation of the gyro axis from the vertical will be eliminated. 

V«e have assumed that the gyro axis originally deviated from the vertical in a 
plane parallel to two opposite faces of the lower jjart of the chamber. However, 
since any deviation of the gyro axis from the vertical can be resolved into two suet: 

.. deviations, what has been said now still remains true even in the general case of 

any deviation of the gyro axis from the verta- 
- cal. Thus, the pendulum air correction in 

/ cases brings the axis of the astatic gyre 

I into a vertical position. 

\ / In our discussion we have assumed that ! 

^ the astatic gyro with "pendulum air correc- | 




tion" is set 


; a fixed base. The situa- ' 



Fig. 101 tion becomes more complicated if such a gyro | 

set up on a moving base, e.g., in the cabin of an aircraft in flight. | 

' the aircraft is flying with a certain acceleration, then all objects on that i 
aircraft are subjected, in addition to the force of gravity, to a corresponding 

- foi cj <■' ..i.ertia, having a direction opposite to that of the acceleration of the 

- ail.. -aft,. In this case, the ordinary pendulum suspended in the aircraft cabin, in 
-lits equilibrium position, is located not along the true vertical but along what is ; 

- called the "apparent" vertical, i.e., in the direction of the resultant of the force! 
-’Of gravity and the force of inertia. Consequently, the pendulum shutters, in their ■ 

1 'f — { • 

— lequilibrium positions, are also located along the "apparent" vertical rather than 


-ialong the true vertical. 


— liie reactive pressures of the air jets issuing fro 


from the windows a are mutnallr ' 


^ "the windows are half covered by the shutters b. This ; 
take place when all the shutters b are parallel to the axis of the instmaent, j 
to the axis of the gyro. It follows from this that, in the equilibrium 1 
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'□ position of the instrument, the gyro axid is likewise located not along the true 
yertical but along the "apparent" vert iwtl; in this way, when the aircraft moves - 
^71 with an acceleration, the shutters of the pendulum correction, vdiich themselves 
^7 de'viate from the true vertical, will entmin the gyro axis; this will force the gyrti 
' ~i axis to precess slowly in the direction not of the true vertical but of the "appar-^ 

ent" vertical. | 

* ' i If we take into consideration the faot that, during the flight of an aircraft, \ 

' i 

7 its acceleration and consequently, also the corresponding forces of inertia, are i 
7 continuously varying in both magnitude and direction, we are able to say that in the 
' 7 aircraft cabin, a gyro with a pendulum air correction will be, as it were, a means ; 
of averaging the equildbrium positions of the ordinary pendulum and a damper on 
_J their oscillations. 


Section 35. 'fhe Sperry Aircraft Gyro Horizon 

’rfe mentioned in the preceding Section that the method of the pendulum air cor- 
rection was used by Sperry in his design of the aircraft gyro horizon. This is one 
of the blind flying instruments. It makes it possible for the pilot, when the natu- 
ral horizon is invisible, to detect any deviation from horizontal flight (diving or 

36_.i 

-- climbing of the aircraft) as well as any banking. 

An astatic gyro with a pendulum air correction is placed in the hermetically 

i sealed case of the instmaaent A which is attached to the instniment board of the 

i aircraft in front of the pilot (Fig«102); the direction of flight is indicated on 

— the djjagram by the arrow. The inner ring of the Cardanic suspension is designed as , 

46 _^ : 

— the gyro chamber B, and the outer ring has the form of the rectangular frame C. Ine 

48_j _ ^ ^ 

— trams G is coupled to the Joint C, about <»hich the bent lever liw c«in rotate, tne 
50 -^ 

— part EP of this bent lever is visible to the pilot throtigh the glass G in the form . 

52- 

■“ of a white bar; this bar plays the role of the horizon line in th^ instr um ent. Be- 

54 — " ■" ' 

*“ vond this bar. the oilot also sees, throu^ the glass G, the cylindrical s urface H i 
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..! which is painted in two colors; the light blue color of the upper part of this 'back- 

.Lgrptmd merges into the dark-gray of the lower part, corresponding to the color of ^ 

. j the sky and the earth, respectively. 

In the normal position of the instrument, both Cardanic axes are horizontal: 



\ \u | y 


/T 

Direction of 
Beridian 



Fig.102 


the axis of rotation xx of the outer frame C, along the longitudinal axis of the 
2“ aircraft and the axis of rotation yy of the gyro chamber, transverse to the aircraft!. 

lever DBF 1 b coxrpled^-TTith-tho gyro chamber by i»8an«-'of-"bte~pin-ilj- 
^-•att*eh«d-t<>~the~gyro-efaaaber-and pesees through an arc-shaped elot -ln the parV DG-o^ 
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„j the outer frame and through a rectilineaij slot in the part DE of the bent lever. 

_i In, its nonaal position, the bent lever D£|f is horizontal. — 

J In the case of the instrument A, a valcuum is produced by the continuous aspira- 
tion of air by means of a Venturi tube through the orifice K. On the other hand, 
the inner cavity of the gyro chamber is connected with the atmosphere by means of a 
Z channel in the outer frame C, in the bearing L of the x-axis of the outer frame C 
I and in the bearing M of the y-axis of the chamber B. In this way, the aspiration oi 


7 air from the inner shell A produces a continuous air stream: the outer air, enterinf 
the gyro chamber B through the above-mentioned channel, is ejected into the cavity 
Z of the inner shell A through the window of the lower part of the chamber and is 
'^Z then again aspirated by a Venturi tube. The air jet entering the gyro chamber B 
. J impinges on the depressions in the gyro rotor, and thereby maintains it in rapid 
...J rotation; then, in leaving through the window of the lower part of the gyro chamber; 

. J it ensures proper functioning of the pendulum air correction. As a result of this, | 

. during the time of flight, the gyro axis tnaintains its vertical alignment at any 
position of the instrument. 

Since, during the operation of the instrument, the gyro axis preserves its vertd,- 

cal position, the axis yy of the gyro chamber B, which is pertDendicular to it, iike-j 
36_; j 

wise stably remains in the horizontal direction. The part EF of the bent lever DEIF | 

i ’ ! 

—i is parallel to the axis yy. (Consequently this part of the bent lever is also visi- j 
A n j ! 

_ible to the pilot through the glass, playing the role of a ‘'horizon bar" in the in- i 
42_! i 

-- istrument and, in its function, actually maintaining the horizontal position. | 

— i If the airplane is in rectilinear horizontal flight and is not banking, then thd 

46__] ; I 

— instrument case, attached to the instrument panel of the aircraft, occupies the j 

48~J j 

— position shown in Fig, 102. The bent lever DEF likewise occupies the position in 

col ■; 

— Piff.102. The"horizon line" EP is visible to the pilot in the center of the glass Gj 

5 ?^ 

likewise at the level of its center, shows a miniature aircraft 

54 ,^ . ■ ...I.. ■ " " '■ 

— (flying in the direction away from the obierver). (Consequently, ho rizontal 



7. 
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I unbanked flight, the silhouette of the airplane on the glass of the instrument is 
j represented as projected on the “horizon illne” EF (Fig,103}, 

I Let us now imagine that the airplane is descending along an inclined straight 
i line (pr, as they say^ the airplane is diving}. 

The instrument case A, rigidly attached to the 

© instrument board of the aircraft, now occupies th< 
inclined position shown in Fig. 104; the gyro cham- 
ber A maintains its former position, since the 
gyro axis, as we know, remains vertical; the bent 
^2.103 lever with the "horizon line" 2F then occupies thd 

position shown In Fig.104. It is clear that the "horizon line", remaining horizon- I 
tal, is now shifted toward the top of the glass 0. Consequently, the siiniature ' 


a 




Fig. 104 

ei^^uotte of th«~ai:rer&ft~inaged on the glass G will now appear- to- the-jdXot as — 
pre -j eote d a g alsst^the- oolored background below the "horizon EP (Fig, 105), 
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It is easy to understand that, during flilght along an inclined straight line upward 

„ (climbing), the "horizon line" will shiflj toward the bottom of the glass G,- and -th« 

i 

silhouette of the aircraft will be projeqted on the colored background above the 
"horizon line". In this way, the pilot will be able to determine, from the indica- 
tions of the instrument, whether the flight is horizontal or not, 

I 

In exactly the same way, any banldng by the aircraft can be determined from the 
, instrument. If the aircraft is flying with a bank, then the miniature silhouette 






Fig. 105 Fig. 106 

of the aircraft imaged on the glass of the instrument will likewise go into such a 
bank, while the -norizon line", as we know, v/ill always remain horizontal. If the i 

- silhouette of the aircraft on the instrument appears to the pilot to be located be- ; 

— ;iow the "horizon line" and in addition, to have a right bank (Fig. 106), then in rea][- 

4 0 ..^ : 

- - ity the airplane is descending with a right bank, 

■' 2 ■ i 

^ — ■; Tlie remarks made at the end of Section 34 as to the errors introduced in the j 

i operation of the air pendulum correction by the accelerations in the motions of the ; 

•t6_i ^ I 

- instrxment base, must of course also be applied to the Sperry gyro horizon. The | 

48_i I 

accelerations in the motions of the aircraft result in corresponding errors in the | 

instrument readings, When an aircraft isl flying with a certain acceleration, the 
““ "horizon line" in the instrument ceases to be strictly horizontal. However, since 


_,“jat not too great an acceleration, the deviation of the "app arent" vertica l from the 


& 
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true vertical remains small, it follows t^at the deviation 'of the '‘horizon line''” 

j in the instrument from the horizontal is likewise small. 

I 
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